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ABSTRACT 
Characterization of Esterases and Glutathione ~-Transferases 
in a Solitary Bee, Megachile rotundata (Fab.): 
Variability, Developmental Multiplicity, 
Substrate Specificity, and Inhibition 
by 
Donald R. Frohlich, Doctor of Philosophy 
Utah State University, 1988 
Major Professor: Dr. William A. Brindley 
Department: Biology 
The esterases and gl utathi one ,S_-transferases of a solitary 
bee, Meqachile rotundata (Fab.) (Hymenoptera: Megachilidae), the 
a 1 fa l fa lea fcut ting bee, were characterized by electrophoresis, 
substrate specificity, and inhibition studies. Comparisons were made 
between ages, sexes, and life stages for several classes of substrates 
and their isomers: aromatic, aliphatic, and thio-esters . Two 
esterases were found to be allozymes and variable between individuals 
and sexes. Adults typically possess an esterase that hydrolyzes 
fluorescent substrates, an organophosphate insensitive esterase, and a 
series of type 'B' esterases that are very sensitive to organophosphate 
inhibition. Electrophoretic patterns are different between adults and 
immatures and are probably related to differences in niche. 
Differences in substrate specificities, electrophoretic forms, and 
activities between the sexes is likely a function of reproduction and 
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the fact that females are solely responsible for nest construction. 
Esterases not only function in detoxication but may have a raison 
d'etre in various aspects of nest, cell, and cocoon construction. 
Both esterase and glutathione ~-transferase activity decrease with age, 
but decreases in male activity are significantly greater than in 
females. Km and Vmax were determined for Q-nitrophenylacetate using a 
mixture of female esterases, and the inhibition constants and 
mechanisms were determined for four organophosphorus compounds. Their 
toxicities, ranging from greatest to least, were naled > paraoxon > 
trichlorfon > oxydemeton methyl. Glutathione ~-transferase activity was 
also assayed over a range of natural product inhibitors (chalcones, 
flavones) and an herbicide (tridiphane). The alfalfa leafcutting bee is 
a better detoxifi er than the honey bee, but how it, or any other 




It is now evident that interactions between plants and animals 
are mediated by a myriad of molecular processes. The past two decades 
have witnessed an amassing of empirical evidence and the erection of a 
body of theory that attempt to explain insect-plant relationships in a 
co-evolutionary framework. Theory predicts two sets of relationships : 
1) Adversarial Relationships. Plants are eaten by insects and are 
consequently protected by a variety of defense systems. Though some 
defenses are mechanical most are chemical and include a large number of 
compounds that either kill or repel herbivores. Many insects possess 
detoxication systems of sufficient constitution to overcome plant 
defense systems. Thus, insects may act as a forc.e that selects for 
pl ants that enhance existing chemical defenses or develop novel or 
alternate secondary plant metabolites. In turn, plants with enhanced 
or novel systems then act to select insects that are capable of 
withstanding or overcoming novel toxins . The selection process then 
begins again and is hypothesized to have occurred throughout the 
evolutionary history of plant and insect relations (Rosenthal and 
Janzen 1979). 2) Mutualistic Relationships. Certain interactions 
between insects and plants, such as pollination, are mutually 
beneficial. Plants expend resources to make nectar and pollen that 
attract, reward, and maintain the fidelity of a pollinator. In return, 
plant pollen is dispersed by or received from pollinators. Specific 
hypotheses that emerge from these two sets of relationships diverge and 
studies of mutualistic relationships rarely ask questions posed in 
research of adversarial relationships and vice versa. Since nectar and 
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pollen are valuable energetic and nutritive resources, however, it 
might well be instructive to ask some 'adversarial' questions about 
mutualistic systems. 
D.F. Rhoades and J.C. Bergdahl (1981) have pointed out that 
nectar and pollen are subject to robbery by thieves and pollinators not 
bearing conspecific pollen. As such, they have hypothesized (though 
not tested) that pollens and nectars should be chemically protected by 
secondary plant metabolites and that this should be particularly the 
case among plants that are rare in space and time and are pollinated by 
specialists. That is, rare plants cannot afford to have their goods 
stolen or given away to visitors bearing pollen from unrelated species. 
Thus, such species should protect rewards with toxic compounds that not 
only deter robbery but act to maintain constancy of a specialist 
( Rhoades and Bergdah l 1981). If such is the case, then what are the 
effects on co-evolved pollinators? How do pollinators and their 
offspring cope metabolically with chemically defended nectars and 
pollen (Rhoades and Bergdahl 1981)? Indeed, what types of detoxication 
systems do or should pollinators possess, and how do they compare to 
other insects? 
It is not unreasonable to expect pollen and nectar to be 
chemically defended. Although the toxic components of virtually all of 
the temperate nectars and pollens are unstudied, many tropical species 
are known to possess several groups of allelochemicals. These include 
alkaloids, flavonoids, volatile terpenes and terpenoic acids, phenols, 
and non-protein amino acids (Baker and Baker 1978, Rosenthal and Janzen 
1979). Certainly, once more detailed studies of the chemical 
composition of nectars and pollens are undertaken, other groups will be 
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identified and specific compounds named. 
If pollinators must encounter and metabolize plant 
allelochemicals they would be expected to do so with the three major 
detoxication enzyme systems that are utilized by herbivorous insects 
and other organisms: the polysubstrate monooxygenases or mixed-
function oxygenases, esterases, and glutathione ~-transferases. Mixed-
function oxidases are a large and well known group of enzymes involved 
in oxidations of lipophilic compounds and are by far the most important 
enzymes in the primary metabolism of many toxins . Esterases (or 
hydro lases) are a large group of enzymes that detoxify by adding a 
molecule of water across ester bonds to yield the corresponding 
carboxylic acid and alcohol. Glutathione i-transferases are an 
important group of enzymes that conjugate electrophil ic toxins and 
products of mixed-function oxidase and esterase degradation to make 
them more soluble and likely to be excreted . These are also the three 
enzyme systems that metabolize or are inhibited by the major pesticides 
to which insects, including bees, are exposed. 
Although the predictions of Rhoades and Bergdahl (1981) are 
interesting, they remain untested for at least two reasons. A 
realistic approach to the problem would involve a series of mechanistic 
studies that would likely last over several years. Ecologists, though 
comfortable with hypothesizing, are often loath to conduct detailed 
mechanistic studies and frequently demonstrate a penchant for assuming 
that once a 'reasonable' solution to a problem is proposed, the case is 
closed: without test. What would such tests involve? We believe the 
following should be done, at a minimum: 
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1. A system clearly needs to be identified wherein a plant 
uses toxic pollen and nectar to deter robbery but is pollinated by a 
bee. 
2. The toxic compounds themselves need to be clearly 
identified and either recovered from the plant or synthesized in 
sufficient quantity to be used in laboratory tests. 
3. The three major detoxication systems should be 
biochemically characterized with respect to substrate specificity, 
inducibility, number of isozymes, inhibition patterns, and variability 
over age, sexes, life stage, and populations. 
4. The allelochemicals should be tested against the 
characterized enzyme systems both in vivo and in vitro. 
5. The same compounds should be shown to actually deter known 
robbers or pollinators that co-occur . 
6. Appropriate comparisons should be made between known 
specialists and generalist bees . 
Clearly such a series of proposed studies would be time 
consuming and expensive but it is the only approach that will 
adequately settle questions about plants, pollinators, and secondary 
plant metabolites . As a modest beginning toward the realization of 
those goals, the intent of the present study was to bi ochemi ca 11 y 
characterize two detoxication enzyme systems in a somewhat restricted 
generalist pollinator, the alfalfa leafcutting bee (Meqachile rotundata 
Fab.): esterases and glutathione ~-transferases. 
Meqachile rotundata is a commercial pollinator of alfalfa that 
may potentially encounter and use a number of different floral species. 
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Though introduced from Europe it is a pollinator of some economic 
importance that regularly encounters pesticides in addition to whatever 
a 11 el ochemi cal s are present in the po 11 en and nectar of its floral 
resources. Characterization of the esterases and glutathione ~-
transferases will complete a study of the trio of major detoxication 
enzyme systems that now is limited only to the polysubstrate 
monooxygenases and wi 11 a 11 ow comparison to the we 11 characterized 
detoxi cation systems of the epitome of generality, the honey bee. 
Hopefully, such a study will also provide a baseline to which to 
compare other species, both solitary and social, in the future, as well 
as other subpopulations of M. rotundata introduced to and spread over 
various localities in North and South America. 
Specifically, the objectives of this study were fivefold: 
1. To characterize the esterases and glutathione ~-
transferases with respect to substrate specificity and 
inhibition patterns. 
2. To elucidate the number and type of esterase isozymes and 
to compare sexes, ages, and developmental stages. 
3. To estimate the population variability of the major adult 
esterases. 
4. To assess the kinetic parameters of female esterases and to 
compare the coefficients and mechanisms of i nh i bit ion of four 
organophosphorus insecticides. 
5. To assess the inhibition patterns of seven synthetic 
derivatives of a naturally occurring glutathione ~-
transferase inhibitor, two flavone congeners, and an herbicide. 
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REVIEW OF LITERATURE 
The Bee 
Meqach i 1 e rotundata F ab. ( Hymenoptera: Megach i 1 i dae), the 
alfalfa leafcutting bee, is a pollinator of considerable economic 
importance (Fig. la,b). The bee was apparently introduced into the 
United States from Europe accidentally in the 193Os and quickly spread 
across the continent. In the early 195Os M. rotundata was recognized 
as a potential candidate for alfalfa pollination by researchers at the 
USDA and several state universities (Stephen and Torchio 1961, Gerber 
and Klostermeyer 1972). 
Meqachile rotundata is a solitary bee that nests gregariously 
with other individuals. Thus, each female is responsible for 
constructing and provisioning her own nest with no cooperation from 
males or other females. In the wild, nests are constructed in holes in 
either plant stems or wooden borings usually left by other insects such 
as beetles. Single nests are composed of a series of cells (Fig. 2a), 
each of which contains a pollen -nectar provision and a single 
offspring. Each cell is made from a series of leaf or petal pieces cut 
by the female and fashioned into a cup by masticating the edges 
together. The cup is then filled approximately 2/3 full with pollen 
that is alternately mixed into a moist loaf with regurgitated nectar 
(Fig. 2b). Once the cell is provisioned, an egg is deposited on the 
mass and the cell is sealed with more leaf pieces. New cells are then 
constructed on previous cells until a series fills the boring (Fig. 
2b) (Stephen and Torchio 1961). 
Once the egg ecloses, a larva that passes through several 
Fig. 1. a) Female M- rotundata foraging in crown vetch. b) 
Commercial domicile with paper soda straws utilized by ,M. rotundata 
for nesting (photos courtesy W.P. Nye). 
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Fig. 2. a) linear series of cells each containing a single 
pollen/nectar mass and single offspring. b) M,. rotundata larva 
feeding on pollen nectar mass (photos courtesy W.P. Nye). 
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instars consumes the provision, spins a cocoon, and enters a prepupal 
overwintering stage. Usually, females produce a single generation 
each year but in warmer climes females may produce a partial second 
generation that emerges in the late summer of the same year. Only 
prepupae survive the winter and adults usually emerge by early summer 
(Pankiw and Lieverse 1980). 
The proclivity of the bee to nest gregariously in wooden holes 
has been exploited by alfalfa seed producers who provide domiciles of 
pine boards containing tens of thousands of uniform holes (Fig. lb). 
Placed in and around alfalfa fields, such domiciles provide nests for 
females that collect pollen and nectar to make provisions. As females 
forage, alfalfa plants are cross-pollinated and a seed crop is 
produced. Stands pollinated by M. rotundata far out-produce honey bee-
pollinated crops which average one to two hundred pounds of seed per 
acre. _M. rotundata pollinated fields may produce as much as three 
thousand pounds per acre. Leafcutting bees are used in at least seven 
western states and southern Canada and are freely sold among seed 
producing areas (Gerber and Klostermeyer 1972) 
Pesticide-Pollinator Interactions 
The most extensive body of information on pesticide pollinator 
relationships exists for Apis mellifera and is reviewed by the National 
Research Council of Canada (1981). Additionally, Yu et al. (1984) 
specifically address biochemical aspects of detoxication enzymes and 
their induction in the honey bee. Studies concerning pesticides and M. 
rotundata are scant and basic biochemical data are almost non-existent. 
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However, since the alfalfa leafcutting bee is routinely exposed to 
pesticides during the course of its life, such information is highly 
desirable in assessing techniques of pollinator management and 
predicting toxicities of new compounds. Occasionally, the bee is 
directly exposed to insecticides but most contact is indirect, in the 
form of residues in the plant (leaves, pollen, nectar) or occasionally 
on nesting materials (Johansen 1977). 
The most extensive work on the effects of pesticides on ,M. 
rotundata has been conducted by Johansen and coworkers (Johansen et al. 
1963, Johansen and Eves 1967, Johansen 1976, 1977). Their approach 
involved the application of pesticides to test plots, gathering 
treated bouquets at intervals after application, and exposing 
individual bees to treated foliage in screened petri dishes. Dosages 
used were based on 1 abe 1 recommend at i ans and data were presented as 
relative or comparative toxicity, making quantitative interpretation 
unfeasible. The value in this approach is that the method has been 
standardized and used over many years and a large number of compounds. 
The only other large-scale study involved the comparison of topical 
LD50s of 15 insecticides by Torchio (1973). The conclusions reached 
by Torchio (1973) and Johansen and coworkers differ, especially with 
respect to comparative susceptibilities between the honey bee and two 
so 1 itary species. Both approaches are, however, va 1 id, as the 
techniques used by Johansen more nearly approach field conditions while 
the method used by Torchio (1973) makes cross-taxon comparisons more 
reliable. While there are disparities between the two studies both 
generally agree that the order of toxicity for the four compounds 
commonly used in the alfalfa seed industry are naled > oxydemetonmethyl 
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> demeton > trichlorfon (most to least toxic). 
In the only published report of pesticide effects other than 
lethality in M. rotundata, Torchio (1983) used field applications to 
show that trichlorfon had no effect on survivorship in a nesting 
population but that the numbers of cells completed per day were 
significantly reduced. Additionally, naled application reduced both 
the number of nesting bees and the number of cells completed per day 
but did not affect the rate of cell production by surviving females 
(Torchio 1983). 
The only biochemical work involving M. rotundata has been 
conducted by Brindley and coworkers (Lee and Brindley 1974, Guirguis 
and Brindley 1974, 1975, 1976) and has involved various aspects of drug 
and insecticide metabolism and effects on microsomal mixed-function 
oxidases (MFOs or polysubstrate monooxygenases). The cited studies 
used the drugs chlorcyclizine, aminopyrine, or phenobarbital and one or 
more of the following pesticides: carbaryl, monocrotophos, 
dicrotophos, 2-chloro-1-(2,4,5-trichlorophenyl) vinyl dimethyl 
phosphate (Gardona ® ), and 3,4,5- and 2,3,5-trimethylphenyl 
methylcarbamate (Landrin®). 
Esterases and Classification 
Esterases are proteins capable of catalyzing hydrolytic 
reactions with several substrates: carboxyesters, carboxyamides, 
carboxythiols, acetylcholine esters, and choline esters. Esterases in 
general exhibit wide and overlapping substrate specificities, thus 
making problems of classification acute (Walker and Mackness 1983). In 
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the first attempt to develop a general esterase classification system, 
Augustinsson (1959, 1961) separated esterases by electrophoresis and 
classified them based on the hydrolysis of such simple substrates as 
phenyl acetate, tri acet in and butyrylchol ine. The result is a system 
that distinguishes among aliesterases (those hydrolyzing aliphatic 
substrates), arylesterases (hydrolyzing aromatic substrates), and 
cholinesterases (hydrolyzing choline esters). It soon, however, became 
apparent that many purported aryl esterases hydrolyze aliphatic 
preparations and vice versa. 
A more toxicologically relevant, though simple, system had 
actually been developed by Aldridge (1953 a,b) some years earlier. 
Though based on the interaction of esterases with organophosphates, the 
system has been found to have some usefulness in making 
generalizations. Aldridge (1953a) described two types: 
'A' esterases, those that hydrolyze organophosphates; and 'B' 
esterases, those that are inhibited by organophosphates. According to 
Aldridge (1953a) and others (Walker and Mackness 1983), the basic 
mechanism of interaction with both A and B esterases is essentially the 
same. The only difference is that the rate of reactivation of the 
phosphorylated B enzyme is much slower than that of the A enzyme. The 
active site of B esterases contains a serine-hydroxyl residue which 
becomes phosphorylated (see below), whereas this does not appear to be 
so in the case of A esterases. In fact, it has been suggested that the 
B serine-hydroxyl residue has been replaced by an -SH group in the A 
form during the evolution of esterases. As supporting evidence, 
Devonshire (1977), Brealey et al. (1980), and Mackness et al. (1983) 
note an interesting phylogenetic distribution of A esterases: high A 
13 
esterase activity in mammals, low A esterase activity in birds 
susceptible to organophosphates, and the absence of A esterases in 
many, if not most, insects. Additionally, a third class of esterases 
has been described. Known as 'C' esterases ( Bergmann et al . 1957, 
Heymann 1980), the third class has no interaction whatever with 
organophosphates. Walker and Mackness ( 1983) al so suggest that A 
esterases be subdivided into OF Pases, or those that hydrolyze 
diisopropylfluorophosphate, and those that do not. This separation is 
based on the observation that enzymes responsible for DFP hydrolysis 
require Mn++ or Co++ and not Ca++ and the fact that the products of 
hydrolysis are two acids instead of an acid and its corresponding 
alcohol. 
Both methods of classification are far from adequate. The 
designations of ali- and aryl- esterases do not take into consideration 
the wide and overlapping substrate specificities of esterases, while 
Aldridge's classification makes little account of substrates other than 
organophosphates and perhaps carbamates. Currently the Intern at i ona l 
Union of Biochemistry recognizes the following major classes (Heymann 
1980, Walker and Mackness 1983): 
EC 3 .1.1.1 Carboxyl esterase. Synonymous with a 1 i esterase and B 
esterase. 
Systematic name: Carboxylic-ester hydrolase. 
EC 3.1.1.2 Arylesterase. Synonymous with A esterase and 
paraoxonase. 
Systematic name: Aryl-ester hydrolase. 
EC 3.1.1.7 Acetylcholinesterase. Systematic name: acetylcholine 
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hydrolase. 
EC 3.1.1.8 Cholinesterase. Systematic name: acetylcholine-acyl 
hydrolase. 
Other more specific esterases have been designated such as beta-N-
acetylglucosaminidase (EC 3.2.1.30) and can be found from EC 3. 1.1.11 
to EC 3.1.2.11 in the International Union of Biochemistry (1979). 
Esterase Assay, Substrate Specificity, 
Induction, and Molecular Properties 
Though referred to as 'nonspecific', the carboxyl- and 
arylesterases are the most significant group of esterases in terms of 
detoxi cation; and though general as a group, can often be separated 
into isozymes with different substrate specificities (Junge and Krisch 
1975, Ahmad and Forgash 1976, Pen et al. 1986). Esterases, specifically 
type B isozymes, have wide substrate specificities including, but not 
limited to, high activity with simple aliphatic and aromatic esters, 
thioesters, and aromatic amides. Type B esterases also have low but 
measurable activity toward cholinesters and monoglycerides of long 
chain fatty acids (Heymann 1980). Assay conditions and methods include 
a plethora of spectrophotometric techniques (see Methods and Materials) 
as well as electrophoretic and immunoassay techniques (Abdel-Aal et 
al. 1988, Aldunate et al. 1987, Ashour and Hammock 1987, Ashour et al. 
1987). 
The major drawback to a comprehensive classification system, as 
well as to understanding the endogenous role of carboxylesterases, has 
been the difficulty in separating closely-related isoenzymes. As a 
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rule, esterases tend to occur in high concentrations (both membrane 
bound and soluble) in most animals thus making purification relatively 
simple. However, most isolation techniques described in the literature 
produce a mixture of closely related isoenzymes that are essentially 
free of non-esterase proteins (Ikeda et al. 1977, Heymann and Junge 
1979, deMalkenson et al. 1984). More recently, the development of 
sophisticated affinity and electrophoretic techniques (Willadsen at al. 
1987) and potent specific inhibitors such as substituted 
trifluoroketones has resulted in greater resolution and separation 
(Abdel-Aal and Hammock 1986, Ashour and Hammock 1987). 
Esterases tend to be stable at neutral pH and may be stored for 
months below -15° C without significant loss of activity . Mammalian 
esterases tend to lose stability at pH values under 5. 0 and, as a 
group, tend to exhibit widely-differing heat stabilities (Barker and 
Jencks 1969, Krisch 1971, Dudman and Zerner 1975). Insect esterases 
exhibit widely variable pH and temperature optima, as would be expected 
for most poikilotherms (Matsumura and Brown 1963, Sudderuddin 1973, 
Kapin and Ahmad 1980) with poorly buffered hemolymph. pH optima can be 
misleading, however. For example, pig liver esterase isozyme V 
hydrolyzes methyl hexanoate optimally at pH 7.0 while the same 
substrate is optimally hydrolyzed at pH 9.0 by isoenzyme I. Many, if 
not most, assays are carried out at pH 7 .0 regardless of optimal 
conditions in order to stabilize binding dyes and solubility, and to 
minimize rates of non-enzymatic hydrolysis (Kapin and Ahmad 1980). 
As expected, s i nee carboxyl - and aryl - esterases are such a 
1 arge group, molecular weights and subunit structures vary widely. 
Mammalian subunits tend to weigh from 40 to 100 kD and to be monomeric 
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or associated as dimers, trimers or tetramers (Heymann 1980). Likely, 
insect esterases are at least as variable. 
Esterases tend not to be as inducible as their toxicological 
counterparts, the glutathione i-transferases and polysubstrate 
monooxygenases. In mammals, carboxylesterase induction has been 
reported in rats with phenobarbital and DDT treatment (Kaneko et al. 
1979, Sonawane and Kn owl es 1972), but not 3-methyl cho l anthrene 
treatment (Raftell and Berzins 1977). Yu and Hsu (1985) demonstrated 
induction of 1-naphthyl acetate esterase by feeding a series of natural 
products including alpha-pinene, indole-3-acetonitrile, flavone and 
xanthotoxin to the fall armyworm (Spodoptera fruqiperda). Induction was 
also demonstrated by feeding on such host plants as celery, potato and 
parsley. The same study, however, could not demonstrate styrene oxide 
hydrolase induction by any of the fourteen host plants tested and found 
only moderate induction by one allelochemical, indole-3-carbinol. 
Additionally, Yu et al. (1984) were unable to demonstrate 
carboxylesterase induction by one pyrethroid and a series of four 
organophosphate insecticides in the honey bee. The same series of 
compounds, however, activated both polysubstrate monooxygenase and 
glutathione ~-transferase production in the same insect. 
Esterases tend to be important in terms of insecticide resistance 
in herbivorous insects and, though enzyme induction certainly plays a 
role, probably genetic recombination and selection for resistant 
genotypes is much more important (see Devonshire and Sawicki 1979, 
Stock and Robertson 1982, and Devonshire et al. 1986 for examples). 
As stated previously, esterases tend to be easily inhibited by 
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a wide variety of synthetic compounds. Serine hydrol ases or B 
esterases are inhibited by phosphorylation or carbamylation of a serine 
hydroxyl residue in the active site of the enzyme, the common mode of 
intoxication by organophosphate and carbamate pesticides. Figure 3 
shows the mechanism of inhibition by an organophoshate (paraoxon) and a 
carbamate (carbaryl). The overall reaction can be written as a series 
of three enzyme substrate complexes: 
kl k2 k3 
EOH + AX ◄ ► EOH .AX ---+ EOA ---+ EOH + A- + H+ 
k-1 
During the first step or complex formation, the rate of the 
reaction is controlled by an association constant Ka (ie: k-1/kl). 
For natural substrates, including acetylcholine, and organophosphates 
and carbamates Ka is quite small such that formation of the substrate 
or inhibitor complex (EOH.AX) is favored. For native substrates, 
acetylation (k2) and deacetylation (k3) are very fast and result in 
qui ck regeneration of enzyme. For organophosphates, phosphorylation 
(k2) is moderately fast but dephosphorylation is extremely slow, thus 
EOA accumulates. For carbamates, carbamylation (k2) is slower than for 
organophosphates; k3 is slower than k2 (but still significant) and 
faster than in organophosphates. Thus there are small levels of EOH.AX 
and large levels of carbamylated enzyme EOA. However, if carbamate is 
removed from the reaction (dilution, dialysis, metabolism, excretion), 
the enzyme recovers, partly by reversal of the inhibitor complex and 
partly by decarbamylation (k3) (Doull et al. 1980, Matsumura 1985). 
The most potent inhibitors tend to be substituted trifluoroketones and 
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compounds related to ~,~,~-tributylphosphorotrithioate (Silver and 
Murphy 1978, Ashour and Hammock 1987). 
'A' esterases or arylesterases tend to be inhibited by such 
metallic compounds as g-hydroxymercuribenzoate, 
ch l oromercuri benzoate, or Hg++. Additionally, some esterases can be 
inhibited by such chelating agents as EDTA (Bitondi and Mestriner 
1983). 
Esterases and the Apoidea 
Esterases in the Apoidea have been mostly considered from the 
standpoint of the honey bee, and this largely with respect to genetic 
descriptions. Endogenous functions of esterases in the honey bee have 
not been elucidated and biochemical aspects, with the exception of Yu 
et al. (1984) (see above) and Bitondi and Mestriner (1983) have largely 
been ignored . With respect to honey bees, Tripathi and Dixon (1968) 
followed esterase patterns electrophoretically during caste development 
and found markedly different patterns with age, within and between 
castes. Mestriner (1969) worked out simple Mendelian inheritance 
patterns for an esterase hydrolyzing 1-naphthyl acetate, while 
Mestriner and Contel (1972) looked at differences between two 
subspecies. Gilliam and Jackson (1972) showed that esterases and other 
proteins remained unchanged over age in the mature worker adult while 
Nunamaker and Wilson (1981, 1982) documented large changes in 
electrophoretic patterns in eggs with respect to age and during larval 
morphogenesis. Krieg and Marek (1983) examined changes in hemolymph 
esterases in fertilized and unfertilized queens and Bitondi and 
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Mestriner (1983) completely re-examined esterases and electrophoretic 
patterns with a variety of substrates and inhibitors, thus elucidating 
a series of bi ochemi ca lly-characteri zed i soenzymes controlled by more 
than one allele. 
Investigations of esterases of other Apoidea have usually been 
conducted as part of surveys of allozyme variability in haplodiploid 
insects and biochemical systematics (Contel and Mestriner 1974, Snyder 
1975, 1977, Lester and Selander 1979). In the single study involving 
_M. rotundata (=pacifica Panzer) Lester and Selander (1979) examined 
only the haploid genome, incubated gels with 1-naphthyl acetate, and 
noted the polymorphism in what was termed Est-4. 
Glutathione ~-Transferases 
The glutathione ~-transferases (GSTs) are a group of proteins 
with a diversity of functions. They are unique in their detoxication 
ability and in their binding function. As detoxication enzymes GSTs 
bind compounds of hydrophobic character to a molecule of glutathione 
in a conjugation reaction that leads to the formation of a mercapturic 
acid derivative. This derivative is more polar than the unbound parent 
compound, and hence more soluble and excretable. As binding proteins, 
GSTs serve as storage sites for such compounds as bil irubin, and may 
also scavenge alkylating agents produced in situ via covalent binding 
between the transferase and highly reactive electrophiles (Jakoby and 
Habig 1980). 
Traditionally known as Phase II detoxication enzymes because of 
their ability to metabolize products of such Phase I enzymes as 
polysubstrate monooxygenases, GSTs actually have a far wider range of 
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substrates through which thioether conjugates to glutathione are 
produced. Alpha-beta unsaturated carbonyl compounds, thi ocyariates and 
isothiocyanates are known GST substrates (Scheline 1978) as are many 
plant allelochemicals: cinnamaldehyde, other unsaturated aliphatic 
aldehydes and, crucifer glucosinolates (Wadleigh and Yu 1987). GSTs 
may also conjugate hydrocarbon epoxides that result from polysubstrate 
monooxygenase epoxidation of olefinic allelochemicals (Boyland and 
Williams 1965, Fjellstedt et al. 1973). Indeed, the range of substrate 
specificity is partly reflected in the diverse nomenclature applied to 
GSTs: glutathione ~-alkyltransferase, glutathione ~-alkenetransferase, 
glutathione ~-aryltransferase, glutathione ~-aralkyltransferase, 
glutathione ~-epoxide transferase, glutathione peroxidase, organic 
nitrate ester reductase, steroid isomerase, .6,-3-ketosteroid 
isomerase, ligandin, and phosphoric acid triester-glutathione 
alkyltransferase. With the exception of the peroxidase and the steroid 
designates, all activities are now exclusively known as glutathione ~-
transferase (EC 2.5.1.18) (Jakoby and Habig 1980). 
Generally, there are three criteria which determine the 
suitability of compounds as substrates for GSTs. First, substrates 
must exhibit some degree of hydrophobicity or l i poph i l i city. Second, 
GST substrates must contain an electrophilic center which is often, but 
does not necessarily have to be, a carbon atom. Finally, the substrate 
must react with glutathione non-enzymatically at some measurable rate 
(Doull et al. 1980). 
Although GSTs mediate other reactions (see above), their 
important role in terms of detoxication is in initiating the steps 
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toward the production of a mercapturic acid or N-acetylcysteine 
derivative. Figure 4 shows the proposed mechanism of reaction, wherein 
an electrophilic carbon atom in a model substrate, 3,4-
dichloronitrobenzene, is attacked by a lone pair of sulfur electrons 
within a molecule of glutathione. Once the conjugate is formed, a 
glutathionase is believed to produce a molecule of glutamic acid after 
which a molecule of glycine is produced by a peptidase. After 
interaction with acetyl -CoA and an N-acetyl ase, the mercapturi c acid 
conjugate is formed (Doull et al. 1980, Jakoby and Habig 1980). 
GST Assay Systems 
A number of assay systems have been developed with specific 
substrates that allow sensitive and convenient measurement of GSTs. 
Booth et al. (1961) described the first partial GST purification and 
developed a spectrophotometric technique using 3,4-dichloronitrobenzene 
as a substrate, while Habig et al. (1974) developed a similar system 
for l-chloro-2,4-dinitrobenzene. In both cases, the nitrobenzene-
glutathione conjugate was measured spectrophotometrically. 
Additionally, spectrophotometric assays have been developed for alpha-
beta unsaturated ketones (trans-4-phenyl-3-buten-2-one) (Chasseaud 
1973), epoxides ([l,2-epoxy-3-(Q-nitrophenoxy)propane)] (Fjellstedt et 
al. 1973), sulfate esters (menaphthyl sulfate) (Gillham 1971), and 
trisubstituted phosphorothionates (methyl parathion) (Clark et al. 
1976). 
GST activity toward alpha-beta-unsaturated carbonyl plant 
allelochemicals has also been assayed by a glutathione dependent 
allelochemical disappearance method with high-pressure liquid 
Fig. 4. Glutathione ~-transferase (GST) conjugation of 3,4-
dichloronitrobenzene (DCNB). · G=glutathione. 
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chromatography (Wadleigh and Yu 1987). Titrimetric methods are also 
available (though cumbersome) for iodomethane and related compounds 
(Johnson 1966). GST can also be assayed electrophoretically by direct 
visualization with iodomethane or iodonitrobenzene (Clark 1982). 
Molecular Properties of GSTs 
Depending on the organism, GSTs, as a group, are highly diverse 
with respect to numbers of isozymes and substrate specificity. GSTs, 
however, are alike in that all are soluble, cytoplasmic proteins that 
are very specific for reduced glutathione. GSTs have been isolated and 
purified from a large number of organisms, the best known of which are 
mamma 1 i an. Rat and human transferases number at 1 east six and are 
similar in that all are dimers composed of subunits with molecular 
weights of approximately 25 kd. lsoelectric points, however, vary from 
4.7 to 10 (Strange et al. 1984, Mannervik et al. 1985). GSTs have also 
been purified from house flies (Motoyama and Dauterman 1977, Clark and 
Dauterman 1982, Clark et al . 1984, Clark and Shaaman 1984, Clark et al. 
1986) with the consensus that at least three functionally different 
forms of varying pl and substrate specificity exist. However, the 
purified proteins again all appear to be dimeric with subunit weights 
between 20 and 25 kd. One form of GST has been obtained in the greater 
wax moth (Chang et al. 1981) which consists of two identical subunits 
of 25 kD. Three or more forms with similar, but not identical, 
properties have been reported from the porina moth (Clark and Drake 
1984) and the New Zealand grass grub (Clark et al. 1985). The forms in 
the latter two examples also bear striking resemblance to those forms 
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found in rat 1 i ver. No GST i sozymes have been characterized in the 
Hymenoptera. 
Although often similar in subunit number and size, GSTs tend to 
have highly variable and overlapping substrate specificities. For 
example, of four forms purified from American cockroach fat bodies all 
forms showed activity toward all substrates used. However, form I had 
greatest activity toward diazinon, form II showed greatest activity 
toward 3,4-dichloronitrobenzene, as did forms III and IV, except that 
form III also showed equivalent activity toward trans-cinnamaldehyde 
and l,2-epoxy-3-(Q-nitrophenoxy)propane (Usui et al. 1977). House fly 
GSTs exhibit a similar situation with a group of high pl that 
metabolize chlorohydrocarbon and organophosphorus insecticides, l-
chloro-2,4,-dinitrobenzene, and Q-nitrobenzylchloride, while another 
group with low pl show greatest activity toward 3,4-
dichloronitrobenzene and low activity toward other substrates (see 
above paragraph for references). Similar examples are found among 
mammals. 
GST activity is inducible by a wide variety of synthetic and 
natural xenobiotics. In house flies synthetic inducers include 
barbituates, 3-methylcholanthrene, and chlorinated hydrocarbon 
insecticides (Kulkarni et al. 1980, Ottea and Plapp 1981, 1984, Hayaoka 
and Dauterman 1982). Virtually all of the work completed with natural 
product induction of GST activity has been done with herbivores. The 
largest body of work is represented by Yu and co-workers and involves 
the fall armyworm Spodoptera fruqiperda (J.E. Smith). Yu has shown GST 
induction by host plants (1982, 1984) and by such natural products as 
xanthotoxin (1984), indole-3-carbinol, indol-3-acetonitrile, flavone, 
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and sin i grin ( 1983) but found no induction with sever a 1 monoterpenes 
(1982). More importantly, Wadleigh and Yu (1987) demonstrated that 
certain allelochemicals can induce their own metabolism, a point of 
some contention over the past few years (Gould 1984). Additionally, 
Brattsten et al. (1984) have demonstrated GST induction in the southern 
armyworm by coumarin, and in boll weevil by a variety of 
allelochemicals occurring in cotton (Brattsten 1987). The implications 
of plant allelochemical induction for insecticide tolerance are many. 
Inhibitors have long been of interest and mechanisms include 
inhibition by some of the mercapturic acids formed, cysteine 
derivatives, and some glutathione conjugates (Ahmad et al. 1986, 
Miyamoto et al. 1987). Additionally, activity can be supressed by 
depletion of endogenous glutathione levels in vivo by non-substrate 
compounds that spontaneously bind glutathione such as diethyl maleate 
(Doull et al. 1980). Known inhibitors include sulphophthaleins, 
phthaleins, fluoresceins and dicarboxylic acids as well as some 
catecholamines, 1,4-substituted benzenes, naphthalenes, anthracenes 
(Kulkarni et al. 1978) and quinones (Motoyama et al. 1978). More 
recently, an intermediate in plant flavone biosynthesis (chalcone) and 
its synthetic derivatives and oxide have also been shown to be 
inhibitors (Miyamoto et al. 1987). 
Lastly, GST activity, usually as measured by production of 
glut.athione conjugates, has been demonstrated in a large number of 
insect species. More importantly, however, is the fact that one of the 
largest orders, the Hymenoptera, has been virtually ignored. Baars and 
Driessen (1984) noted similar GST activities between the honey bee and 
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its parasite, the varroa mite (Varroa ,iacobsoni (Oudemans)) as measured 
by l-chloro-2,4-dinitrobenzene conjugation and commented that such may 
be relevant to the screening of insecticides used to control the mite. 
Croft and Mullin (1984) also noted similar GST activities between a 
tortri c id moth and its bracon id ectoparas ite , Oncophanes ameri canus, 
when trans -2-ethylstyrene oxide was used as a substrate. Finally, in a 
study of detoxication capacity of honey bees, Yu et al. (1984) measured 
GST activity by methyl iodide, l-chloro-2,4-dinitrobenzene, and 3,4-
dichloron i trobenzene conjugation. A series of sublethal exposures to a 
variety of insecticides was shown to have no effect on GST activity 
with the exception of a pyrethro id, permethri n, which increased 
activity toward 3,4-dichloronitrobenzene nearly 300 percent . 
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MATERIALS ND METHODS 
MATERIALS 
Insects 
Alfalfa leafcutting bee, Megachile rotundata L., prepupae were 
donated by commercial sources in southern Alberta and Montana and 
stored at 2° C until incubation. Prepupae were incubated at 30° C 
and 30-40 % relative humidity until adults emerged. Adults were 
maintained in small plastic dishes under the same conditions at a 
photoperiod of 12 hours light and 12 hours dark. Bees were provided 
with 37% honey ad libidum from small glass vials of approximately 5 ml 
capacity. Vials were stoppered with sections of cigarette filters and 
solutions were changed every other day to avoid fermentation and 
microbial growth. Adults lived up to 40 days under these conditions. 
Immature stages of known age were gathered from a commercial 
domicile outside Clarkston, Utah and frozen at -80° C until used. 
These included eggs, feeding stages, and cocoon spinning larvae. 
Chemicals 
Acrylamide and N-N'-methylene-bis-acrylamide were purchased from 
IBI Inc., New Haven CT. 1,3-dinitro-4-iodobenzene (IDNB) was obtained 
from Fluka USA, Ronkonkoma NY, and Fairfield Chemical, Blythewood SC, 
provided 4'-methoxy- and 4-nitro- chalcone. Kodak Chemical, Rochester 
NY, supplied ethylenedinitrotetra-actetate disodium salt (EDTA) and the 
following were purchased from Aldrich Chemical, Milwaukee WI: 
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chalcone, methyl iodide, 1-chloro-2,4-dinitrobenzene (CDNB) and 3,4-
dichloronitrobenzene (DCNB). 
Sigma Chemical, St. Louis MO, provided the following: 
acetylthiocholine iodide, ammonium persulfate, ampholytes (Pharmalyte), 
brilliant blue G-25O, bovine serum albumin, bromophenyl blue, 
dithiobisnitrobenzoate, diethylbarbituric acid, electrophoresis grade 
starch, eserine sulfate, fast red TR salt, fast blue B (tetrazotized Q-
di - anisidine), fuchsin-sulfite stain, glutathione, hydroxylamine 
hydrochloride, IEF markers, indoxyl actetate, esters of 4-
methylumbelliferone, molecular weight markers, Q-nitrophenylacetate, 
naphthyl esters, phenyl acetate, tris, and li,li,li' ,li'-
tetramethylenediamine (TEMED). 
4-fl uoro-, 4-phenyl-, 4-butyl - , 4' -nitro, and 4' -methoxy-
chalcone were synthesized by Miyamoto et al. (1987) and generously 
provided by Bruce Hammock, University of California, Davis. 
Tri fl uoroketones and Q-n i trophenyl carbonates were synthesized or 
provided by Andras Szekacs, University of California, Davis. 
Tridiphane was a gift from Bruce Hammock, University of California, 
Davis. 
Metasystox-R (oxydemeton methyl) (~-[2-(ethylsulfyl)-ethyl]-
Q,Q-dimethyl phosphorothioate and dylox (trichlorfon) (dimethyl(2,2,2-
trichloro-1-hydroxyethyl)-phosphonate) were gifts of Mobay/Chem Agro, 
Kansas City MO . Dibrom (naled) (1,2-dibromo-2,2-dichloroethyl-
dimethyl-phosphate) was a gift of Ortho/Chevron, Richmond CA. Paraoxon 




Protein levels were measured by the method of Bradford (1976). 
The reagent consisted of 100 mg Coomassie brilliant blue G-250 in 50 
ml 95% ethanol. After shaking for 2 hours, 100 ml 85% phosphoric acid 
was added, and the mixture was diluted to 1 liter with distilled water. 
The reagent was refrigerated and filtered before each use. Standard 
curves were constructed for each reagent batch with known 
concentrations of bovine serum albumin. 
For protein assays, 100 ul of enzyme mixture or homogenate were 
added to 5 ml of protein reagent. After vortexi ng, the absorbance of 
the sample was measured at 595 nm on a Zeiss PMQ-11 spectrophotometer 
at a slit width of 0.02 mm. All samples were run in triplicate against 
a blank of 100 ul of the appropriate buffer and 5 ml protein reagent. 
Enzyme Assays: Homogenates 
For all assays and electrophoretic runs, a membrane free 
cytosolic or soluble portion was prepared and used. Whole bees were 
cut into 3 parts and homogenized in a cold (iced) aliquot of the 
appropriate buffer with a motor driven mortar and pestle. The crude 
homogenate was then spun at 2000 rpm on a table top centrifuge for 5 
minutes after which the pell et was discarded. The supernatant was 
centrifuged for 30 minutes at 4° C and 34,000 rpm (100,000 g) in a 
Beckman LS-65B refrigerated ultra centrifuge with a type-65 rotor. For 
a 11 assays the resultant supernatant was used as the enzyme source. 
For spectrophotometric assays the supernatant was additionally vacuum 
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filtered with Whatman No. 3 paper to remove a lipid-like layer at the 
surface. For all spectrophotometric runs, substrate comparisons and 
enzyme kinetics, homogenates were prepared as a concentration of one 
bee per milliliter of homogenate. 
Assays: Esterases-Aliphatic Substrates 
Esterase activity toward aliphatic substrates was measured with 
methyl-n-butyrate (MEB) by a modification of Fix and Plapp (1987), 
Bigley and Pl app (1960), and Robbins et al. (1958). This method 
depends on determining the amount of MEB remaining after enzymatic 
reaction over a certain time period and thus though useful 
spectrophotometrically, its use in electrophoretic detection is quite 
limited. The following were prepared: 
(1.) 0.134 M phosphate buffer, pH 8.0 (arrived at after 
pH optimization experiments for M. rotundata). 
(2.) 2 M hydroxylamine hydrochloride. 
(3.) 3.5 M NaOH 
(4.) HCl solution. 1 part con. HCl to 2 parts distilled water. 
(5.) 0.37 M ferric chloride in 0.1 N HCl. 
(6.) 8.79xl0- 3M (100 ul pure) methyl-n-butyrate in phosphate 
buffer ( 1.). 
Each reaction mixture consisted of the following: 100 ul 
homogenate, 1 ml MEB (6.), 1 ml buffer (1.), incubated for 30 minutes 
at 35° C. Then, 1 ml each of solutions (2.) and (3.) were mixed 
together, added to the reaction mixture and vortexed. After 2 minutes, 
1 ml of the acid solution (4.) was added and immediately followed by 1 
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ml of ferric ch 1 ori de ( 5. ). The entire mixture was then measured 
spectrophotometrically at 544 nm, slit=0.01 mm. Appropriate controls 
were run, including controls for endogenous acetylcholine, that is 
present in the homogenate and to which the assay is sensitive. 
Assays: Esterases-Aromatic Substrates 
Hydrolysis of naphthyl esters was assayed with an azo-dye 
coupling technique based on Gomori (1953) and Van Asperen (1962). The 
following were prepared: 
(1.) 0.25 g sodium dodecyl sulfate (SOS) in 5 ml 0.1 M 
phosphate buffer pH 6. 5 (after appropriate pH 
optimization studies). 
(2.) 0.05 g fast blue B (FBB) in 5 ml 0.1 M phosphate 
buffer pH 6.5. 
(3.) 3xl0- 3 M 1-naphthyl acetate (0.0559 g in 100 ml above 
buffer). 
After filtering 2 ml FBB (2.) into 5 ml SOS (1.) an incubation 
mixture of 4.5 ml 0.1 M phosphate buffer pH 6.5, 0.5 ml substrate (3.) 
and 100 ul homogenate was prepared. After incubation at 25° C for 10 
minutes, 1 ml of FBB-SDS solution was added and the mixture was allowed 
to stand for 4 minutes after which the absorbance at 600 nm (slit=0.01 
mm) was measured. For comparison between various naphthyl derivatives 
substrate solutions were prepared as 3xlo- 3 M concentrations and assays 
were run as above. All reactions were run in the region of linearity. 
A separate assay was developed that measured the liberation g-
nitrophenol after Krisch (1966). Here, 50 ml of a 7.25xl0- 2 M g-
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nitrophenylacetate stock solution was prepared in acetonitrile. 
Appropriate dilutions were then made in 25 ml volumetric flasks that 
contained a final volume of 3 ml stock in acetonitrile and 22 ml 
deionized water. This substrate solution was used for all assays. The 
reaction mixture consisted of 2.4 ml substrate solution, 0.5 ml 0.1 M 
phosphate buffer pH 7.0, and 0.1 ml homogenate made in the same buffer. 
Reactions were measured at pH 7 .0 although this was probably not the 
optimum pH. However, at pHs above and below 7.0 the rate of non-
enzymatic hydrolysis was significant thus making repeatability 
difficult. Finally, the production of Q-nitrophenol was measured at 
405 nm (slit=0.02) and 30° C for 5 minutes. 
Hydrolysis of Q-nitrophenyl carbonate derivatives was measured 
under the same conditions as derivatives of Q-nitrophenol. 
Assays: Glutathione ~-Transferases 
Glutathione 1-transferase activity was measured 
spectrophotometri ca lly with two substrates: 3, 4-di chl oronitrobenzene 
(DCNB) and l-chloro-2,4-dinitrobenzene (CDNB). For DCNB, the reaction 
mixture consisted of 1 ml 15 mM reduced glutathione (GSH) and 2 ml 
homogenate made in 0.1 M Tris-HCl, pH 8.5 (optimal) which was incubated 
at 37° C. After incubation for 3 minutes, 20 ul of 150 mM DCNB in 
ethanol were added and the change in absorbance was measured for 3 
minutes at 344 nm (slit=0.15 mm) (Yu 1982, Yu et al .1984). 
CDNB conjugation was measured in a similar fashion (Yu 1984, Yu 
et al. 1984) where 2 ml of homogenate were incubated for 3 minutes at 
25° C with 1 ml 5 mM GSH. Homogenates were prepared in 0.1 M phosphate 
buffer, pH 6.5. Again a non-optimal pH was selected because of 
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problems caused by high non-enzymatic rates of conjugation. After 
incubation 20 ul of 35 mM CDNB made in ethanol were added and the rate 
of conjugation was followed at 340 nm (slit=0.2 mm). 
Non-Denaturing PAGE: Esterases 
Non-denaturing polyacrylamide gel electrophoresis was used to 
examine various esterase i sozymes. Prior to pouring gels a stock 
solution of acrylamide was made at 30% in deionized water which was 
subsequently filtered and de-aerated. Of the 30% acrylamide, 95% was 
acrylamide monomer and 5% was the cross-linker bis-acrylamide. This 
stock was used to make both stacking and separating gels of various 
concentrations. Most gels were poured as vertical slabs in the Hoefer 
Mighty Small II format. A 10 ml separating gel was made by mixing and 
polymerizing the desired concentration of acrylamide stock in the 
appropriate buffer with 50 ul of ammonium persulfate and 5 ul TEMED and 
gently swirling. After pouring, 200 ul of butano 1 was then 1 aye red 
over the exposed surface to insure a smooth interface between stacking 
and separating gels. After polymerization, (about 30 minutes) a 10 ml 
stacking gel solution that could be used for 4 separating gels was 
prepared by adding 50 ul ammonium persul fate and 7. 5 ul TEMED to the 
required concentration of acrylamide stock in buffer. After inserting 
combs, stacking gels were allowed to polymerize for approximately 30 
minutes before use. Often gels were poured the day prior to a run and 
allowed to sit overnight covered with buffer. 
Five buffer systems were used to make gels and separate and 
resolve bands with varying degrees of success: 
1. Davis (1964). Stacking gel: 0.06 N HCl, 0.0062 M Tris, 
pH 6.7. Separating gel: 0.06 N HCl, 0.038 M Tris, pH 
8.9. Electrode: 0.005 M Tris, 0.0384 M glycine, pH 8.3. 




Separating gel: 1.50 M Tris-HCl, pH 8.8. Electrode: 
0.025 M Tris-HCl, pH 8.8. Electrode: 0.025 M Tris, 
0.192 M glycine, pH 8.3. Sample: 0.0625 M Tris-HCl, pH 
6.8, 20% glycerol, 0.001% bromophenol blue. 
Hames and Rickwood (1981). Stacking: 1.02 M Tris, 1 M 
orthophosphoric acid. pH 5.5. Separating: 1.41 M Tris, 
1 M HCl, pH 7.5. Electrode: 10 g Tris and 5.52 g 
diethylbarbituric acid in water to 1 liter. 
Neville (1971). Stacking: 0.05 M Tris-phosphate, pH 7.8, 
1 g EOTA salt/liter. Separating: 0.05 M Tris-HCl, pH 
7. 6, 1 g EOTA salt/liter. Upper Electrode: 0.05 M 
Tris-borate, pH 8, 1 g EOTA salt/1 iter. Lower 
Electrode: same as separating. 
Reisfeld, et al. (1962). Stacking: 
acetic acid, pH 6.8. Separating: 
acetic acid, pH 4.3. Electrode: 
0.35 M acetic acid, pH 4.5. 
0.06 N KOH, 0.063 M 
0.06 N KOH, 0.376 M 
0.14 M beta-alanine, 
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Except where noted all homogenization buffers were stacking gel buffer 
containing 20% glycerol. Bromophenol blue was always used as the 
tracking dye. All buffers, with one exception, proved to be 
unsuitable, thus the system of Davis (1964) was used through the course 
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of our investigation. Gels were run at a constant 250 volts (Hoefer 
PS-500 power unit 0-500 DC volts, 0-200 ma) for approximately one hour 
or until the tracking dye reached the bottom. A small pump circulated 
ice water through the electrophoretic apparatus to dissipate heat and 
prevent protein denaturation. 
After electrophoresis, gels were stained for esterases with a 
variety of substrates and dyes. With the exception of a fluorescent 
esterase, all esterase bands could be visualized by a modification of 
the azo-dye coupling method (van Asperen 1962). Here, 50 mg of fast 
red TR salt were dissolved in 90 ml 0.1 M phosphate buffer pH 6.5 and 
10 mg 1-naphthyl propionate were dissolved in 10 ml acteone. 
Immediately after mixing the two solutions at room temperature, gels 
were placed directly into the bath. Bands would usually begin to 
appear after one minute and only those bands present and marked within 
10 minutes were counted as esterases. If left for up to an hour some 
other darkly staining band appeared but these may have been isozymes 
other than esterases that exhibit some low level hydrolytic activity 
such as proteases. On occasion, phenyl acetate was substituted for 1-
naphthyl propionate which produced a light yellow rather than purple 
color. 
Cholinesterase activity was assayed with a histological 
technique developed for brain sections by Karnovsky and Roots (1964). 
The stain solution was prepared by adding the following in order while 
stirring: 
50 mg acetylthiocholine iodide in 65 ml O.lM phosphate buffer 
pH 6. 5 
5 ml 0.1 M sodium citrate 
10 ml 30 mM copper sulfate 
10 ml water 
10 ml 5 mM potassium ferricyanide 
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Gels were stained overnight and cholinesterase activity was indicated 
by the presence of light brown bands. 
Indoxyl acetate was al so used as a chromogenic substrate by 
dissolving SO mg indoxyl acetate in 10 ml acetone and mixing with 90 ml 
of the phosphate buffer used in the azo-dye coupling method. Bands 
were indicated by the presence of an opaque to white area on the gel. 
Bands that hydrolyzed esters of 4-methyl-umbelliferone were 
visualized by incubating PAGE gels for 15 minutes in 100 ml of acetate 
buffer (0.05 M sodium acetate titrated to pH 5.41 with acetic acid) and 
0.01% (10 mg) 4-methylumbelliferyl acetate. After 15 minutes, longwave 
UV light was used to visualize bands in a darkened room (Hopkinson et 
al. 1973). 
Finally, gels were stained to determine if known esterase 
isozymes were also glycoproteins by the method of Zacharius et al. 
(1969): 
1. Gel immersed in SO ml 12.5% trichloroacetic acid for 30 
minutes. 
2. Rinse lightly with distilled water for 25 seconds. 
3. Immerse in 1% periodic acid in 3% acetic acid for SO 
minutes. 
4. Wash six times for 10 minutes each in changes of 200 ml 
distilled water. 
5. Immerse in fuchsin-sulfite stain in the dark for 50 
minutes. 
6. Wash in freshly prepared 0.5% metabisulfite 3 times for 10 
minutes each. 
7. Wash in frequent changes of di st i 11 ed water until excess 
stain is removed. 
Glycoproteins then appeared as bright pink bands. 
PAGE: Glutathione ~-Transferases 
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Glutathione transferases were separated with non-denaturing 
PAGE by a modification that incorporates starch into the separating gel 
and takes advantage of the blue color produced after the oxidation, by 
hydrogen peroxide, of an iodide released during the transferase 
reaction (Clark 1982). Here, electrophoretic grade starch was 
incorporated into the polymerization mixture in a ratio of 0.04% (w/v) 
by mixing with warm buffer before adding the acrylamide stock. After 
running gels at a constant 200 volts, 66 ml glycerol were mixed with 
134 ml of .01 M Tris-HCl, pH 7.0, and warmed to 37° Cina water bath. 
When warm, 40 mg GSH were added to make a 6 mM solution. 118 mg 1,3-
dinitro-4-iodobenzene were then added to 5 ml ethanol and the mixture 
was stirred into the warmed buffer-GSH solution. Gels were then added 
to the solution and incubated at 37° C for 30 minutes. After rinsing 
the gels in cold distilled water, the substrate solution was replaced 
with 400 ml 0.3 M HCl containing 0.3% (w/v) hydrogen peroxide. Dark 
purple bands indicative of transferase activity began to appear after 
about 5 minutes and were immediately marked. Bands disappeared 
completely after approximately 20 minutes. Methyl iodide was also 
tried as a substrate but was found not to be useful because of high 
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background staining. 
PAGE: Analysis of Gels 
Gels were read and mobilities relative to the tracking dye (Rf) 
were calculated for each band. Only those concentrations that 
separated bands with Rf values between 0.3 and 0.85 were used. 
Ferguson (1964) plots were constructed where lOOxlog(RfxlOO) was 
plotted against gel concentration to determine how proteins differed on 
the basis of charge and size and to aid in determining whether bands 
were allelomorphs (Hames and Rickwood 1981). 
PAGE: Isoelectric Focusing 
I soe l ectri c focusing was performed in both the slab and tube 
gel format. The following outlines the procedure for 2 10 ml. vertical 
slab gels and the relative proportions are the same for tube gels 
(Giulian 1986): 
Stock Solutions 
Monomer solution. 30% acrylamide solution. 
Anolyte. 0.02 M acetic acid 
Catholyte. 0.02 M NaOH 
Fixative I. 20% trichloroacetic acid 
Fixative II. 40% ethanol, 10% acetic acid, 0.25% SOS. 
Stain. 40% ethanol, 10% acetic acid, 0.125% Coomassie 
Blue R-250. 
Destain. 40% ethanol, 10% acetic acid. 
Gel Mixture for Two 10 ml Mini Gels: 
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Water 13.12 ml 
Glycerol 2.00 ml 
Acrylamide Stock 3.67 ml 
Ampholytes pl 3.5-10 1. 10 ml 
Ammonium persulfate 83.30 ul 
TEMED 38.30 ul 
Sample Buffers: 
Water 395 ul 
Glycerol 75 ul 
Ampholytes 30 ul 
After polymerization, the upper chamber and wells were filled with 
ca tho 1 yte and the 1 ower chamber was filled with ano 1 yte. The ge 1 was 
then prefocused for 15 minutes at 20 watts with a voltage 1 imit of 
2000. After the prerun anolyte and catholyte were replaced and 
samples were diluted into the sample buffer and placed in the gel 
wells. The gel was run under the same conditions as the pre run for 
approximately 45 minutes or until shortly after the methyl red marker 
dye reached the bottom. That portion of the gel used to visualize 
native esterases was cut from the remainder of the gel and stained with 
1-naphthyl propionate as outlined above. The portion of the ge 1 
containing the pl markers was first placed into 100 ml of fixative I 
and gently shaken for 10 minutes. Then the gel was shaken in fixative 
II for 10 minutes and both steps were repeated twice except that 
fixative II was replaced with destaining solution. Finally, the gel 
was stained for 60 minutes and then destained overnight. I EF pl 
markers used were: amyloglucosidase from Aspergillus oryzae, pl 3.55; 
soybean trypsin inhibitor, pl 4.55; bovine milk beta-lactoglobulin A, 
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pl 5.13; bovine erythrocyte carbonic anhydrase B, pl 5.85; human 
erythrocyte carbonic anhydrase B, pl 6.57; horse heart myoglobin, pis 
6.76, 7.16; L-lactic dehydrogenase from rabbit muscle, pis 8.3, 8.4, 
8.55; and bovine pancreas trypsinogen, pl 9.3. 
Kinetics and Inhibition: Esterases 
Q-nitrophenyl acetate was used to investigate the kinetics of 
the carboxyesterases. Prior to running enzyme assays at various 
substrate concentrations, an enzyme stock solution was prepared from a 
homogenate of 50 female M. rotundata in 50 ml of 0.1 M Tris-HCl pH 7.0. 
The homogenate was divided into 1.5 ml aliquots and frozen at -10° C. 
Assays were run as described above. Km and Vmax were determined from 
Hanes transformations and initial rates were estimated by the method of 
Boeker (1982). The inhibition rate constants of 4 organophosphate 
insecticides (trichlorfon, oxydemetonmethyl, naled, and paraoxon) were 
also determined by assaying varying substrate concentrations over 
constant inhibitor concentration. Prior to each assay, 100 ul of 
enzyme homogenate in 500 ul 0.1 M Tris-HCl pH 7.0 was incubated for 10 
minutes with the appropriate concentration of inhibitor. Production of 
Q-nitrophenol was then measured on a Milton Roy Spectronic 501 under 
conditions described above. 
Glutathione ~-Transferases: Inhibition 
Inhibition of glutathione transferases by chalcone, seven of 
its synthetic derivatives, two flavones and tridiphane was investigated 
with CDNB and DCNB. Appropriate concentrations of each inhibitor were 
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incubated with the reaction mixtures described above and comparisons 
were made between inhibited and uninhibited rates of conjugation. In 
cases such as chalcone and 4-butyl-chalcone where solubility problems 
prevented measurement of high concentrations of inhibitor, the average 
percentage of inhibition at lxlo- 5 M inhibitor was measured. 
Molecular Weight Determination 
The molecular weights of two isozymes were determined indirectly 
by electrophoresis on sets of non-denaturing gels of various monomer 
concentrations by determining mobilities relative to a tracking dye 
(Rf). l00xlog(Rfxl00) was then plotted against percent monomer 
concentration for each i sozyme and a set of protein standards. The 
slope of such a plot is known as the retardation coefficient (Kr). The 
negative log of the slope was then plotted against the log of the 
molecular weight of each standard and a linear plot, from which the 
molecular weight of each isozyme of interest was determined, was made 
(Bryan 1977). The standards used were: 
alpha-lactalbumin mwt 14200 
carbonic anhydrase mwt 29000 
chick egg albumin mwt 45000 
bovine serum albumin mwt 66000 monomer 
132000 dimer 
jackbean urease mwt 272000 trimer 
545000 hexamer 
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Experimental Design and Statistical Analyses 
Enzyme samples were prepared and ut i1 i zed in one of two ways 
depending upon the type information desired from the experiment: 
samples from homogenates made of single individuals, or pooled 
homogenates made from many individuals. In experiments, such as 
variation in enzyme activity with age, in which it was desirable to 
estimate inter-individual variability, enzyme assays were performed on 
individuals. In other experiments it was desirable to eliminate 
individual variation and examine treatment effects on an enzyme batch 
that did not vary from experiment to experiment. Additionally, the 
preparation and storage of relatively large stocks of enzymes insured a 
supply of enzyme from one-day-old individuals that had been prepared 
under exactly the same conditions at the same time of year. An example 
is substrate specificity studies. Here, a common stock of prepared and 
frozen enzyme was assayed against a number of substrates. Thus, 
statistical differences were clearly due to the effect of treatment, or 
substrate. Such an experiment cannot, however, be interpreted to yield 
information about the variability of enzyme activity toward a given set 
of substrates among individuals of the population. 
Experiments that utilized enzyme sources from single individual 
homogenates were: all pH optimizations, temperature studies, all age 
studies, substrate specificity preference trials with esters of 1- and 
2- naphthol, the two adults used in the PAGE slab gel-inhibition 
experiment, and PAGE experiments that assessed population variability 
in esterases 5 and 6. 
Experiments that ut i1 i zed common stocks of enzymes inc 1 uded 
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substrate specificity trials with Q- and Q- isomers of nitrophenol and 
Q-nitrophenylcarbonates, all enzyme kinetics and pesticide inhibition, 
experiments examining differences in enzyme activity toward three 
cl asses of substrate by the two sexes and two immature forms, 
isoelectric focusing, molecular weight determinations, glutathione .S.-
transferase inhibition experiments, the immature forms in the PAGE slab 
gel-inhibition experiment. 
Unless otherwise noted in the text, homogenate concentrations 
were one individual per one milliliter buffer regardless of whether 
common stocks or individual homogenates were required. IEF and PAGE 
experiments on gl utathi one .S.-transferase i sozyme i dent ifi cation were 
often run at higher bee concentrations in order to insure that all 
isozyme forms could be visualized. 
Statistical analyses were performed with the aid of a VAX/VMS 
II computer. Tests referred to as 'analysis of variance' or AN0VA are 
one-way analyses. Two-way, three-way, and fixed effects analyses of 
variance are identified as such in the text. Levels of significance 
for all test statistics including F and pairwise comparisons by least 
significant difference (LSD) (Snedecor and Cochran 1972) are considered 





Esterase activity was assayed under a variety of conditions to 
test for viability. To determine that the nature of observed reactions 
was due to a protein or mixture of proteins and not to extraneous 
physical factors, male and female homogenates were treated in two ways 
prior to assay with 1-naphthylacetate: immersion in boiling water for 
10 minutes or treatment with 8 M urea. In both cases no enzyme 
activity was detected in treated homogenates versus controls. 
Homogenates were al so tested under a variety of temperature 
regimens for stability. Table 1 shows the enzyme activity of four 
adults homogenized and kept on ice at 4° C for seven hours. No change 
in activity was noted. Thus, it was deemed safe to prepare and work 
with the same homogenate over the course of one day. Homogenates were 
also prepared in aliquots of 1 to 2 ml and frozen at -2° C and used 
for up to six weeks with no change in activity. Figure 5 shows the 
relative esterase activity of four individuals over a temperature span 
of 24° C to 67° C. Optimal temperatures for both sexes are in the 
range of 52° C to 60° C with activity falling precipitously above 65° 
C. 
Esterases were al so assayed for pH optima with respect to 
substrate class. 1-naphthylacetate was used to determine the pH 
optimum for aromatic substrates. Figure 6 shows the amount of 1-
naphthol produced for 30 minutes by males and females over a pH range 
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Table 1. Stability of esterases from four individuals at 4°C, 
measured over seven hours. Substrate= 1-naphthylacetate. 
Comparison of hours by analysis of variance yields an insignificant 




















Male 2 Female 1 Female 2 
0.485 0.600 0.580 
0.520 0.595 0.620 
0.495 0.550 0.540 
0.505 0.575 0.530 
0.510 0.560 0.560 
0.470 0.530 0. 550 
0.500 0.570 0.565 
0.505 0.560 0.570 
Fig. 5. Temperature profile of esterase activity. Substrate= 1-
naphthylacetate. 
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of 5.5 to 9.0. 6.5 was determined to be the optimal pH and all 
reactions with esters of 1- and 2-naphthol were carried out at that pH. 
For aliphatic substrates, methyl-n-butyrate (MEB) was used to determine 
the optimum over a pH range of 6 to 9. Figure 7 shows the amount of 
MEB hydrolyzed in 30 minutes by six individuals, male and female. The 
apparent optimum for aliphatic esterase activity was thus determined to 
be pH 8.0. Figure 8 shows the pH profile of males and females for 
phenylthioacetate . Although the optimum appears to be fairly broad, 8 
was chosen as the optimal pH and further reactions were carried out 
there. Q-nitrophenylacetate was also assayed for optimality but rates 
of non-enzymatic hydrolysis were significant above or below neutrality 
thus making reproducibility between experiments very difficult. Thus, 
all experiments utilizing esters of Q-nitrophenol were carried out at 
pH 7. 
Appropriate buffers were chosen for purposes of comparison with 
the literature on other related organisms (see Methods and Materials) 
and relatively few changes were necessary. One notable difference was 
for MEB hydro 1 ys is. We found no activity in phosphate buffer unless 
both sodium and potassium ions were present . MEB was not hydrolyzed 
when only mono- and dibasic- sodium phosphate were present. 
Additionally, the use of EDTA and Triton-X-100 was avoided because of 
possible inhibition by chelation of necessary divalent cations (EDTA) 
or inhibition by peroxide-forming contaminants (Triton-X-100). 
Fig. 7. pH optimization of methyl-n-butyrate hydrolysis for males 
(N=3) and females (N=3). 
Fig. 8. pH optimization of phenylthioacetate hydrolysis for males 
(N=2) and females (N=2). 
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Several buffer systems were used to separate and resolve 
esterases on non-denaturing PAGE. The acidic buffering system of 
Reisfeld et al. (1962), the neutral system of Neville (1971) and basic 
systems based on barbituric acid (Hames and Rickwood 1981) proved to be 
unsuitable. The basic systems of Laemmli (1970) and Davis (1964) gave 
the best resolution and the Davis (1964) system was used almost 
exclusively due to heating caused by high Tris concentrations in the 
Laemmli (1970) system. 
Ferguson plots (Hames and Rickwood 1981) were constructed from 
runs over a series of monomer concentrations and only those 
concentrations where Rf va 1 ues of bands of interest fe 11 between 0. 3 
and 0.85 were used. Ultimately we settled upon a monomer concentration 
in the separating gel of 5.5 % and 4 % in the stacking gel. The 
crosslinker ratio in both gels was 5 % of the total acrylamide. 
Adult Isozyme Patterns 
Adult males and females and overwintering prepupae typically 
possess four major bands and a group of small and difficult-to-resolve 
bands in a fifth 'zone'. 1-naphthylpropionate, as the substrate, 
coupled to fast red TR proved to be the best way to visualize bands as 
it stained the most darkly. Figure 9 shows the two major visible bands 
in the adult. A third, monomorph i c band was present c 1 ose to the 
tracking dye with an Rf of approximately 0.8 and was visible only under 
Fig. 9. Non-denaturing slab gels showing esterase isozymes of M. 
rotundata: adult male (lanes 1 and 6), adult female (lanes 2 and 7), 
feeding larvae (lanes 3,5,8,10), and cocoon-spinning larvae (lanes 4 
and 9). Esterase Dis labeled in the adult lanes. 
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l ongwave UV i 11 umi nation. The ultraviolet band is designated as 
esterase 'D' in order to keep convention with the literature (Bitondi 
and Mestriner 1983) and the faster moving visible band is numbered '5' 
while the slower is numbered '6' . Bands 5 and 6 wi 11 hereafter be 
referred to as the 'fast' and the 'slow' esterases, respectively. 
Additionally, there is a small group of bands present in zone '7' and a 
light band at position 1. No bands were found to mi grate toward the 
cathode. 
IEF and molecular weight estimation (see below) showed the fast 
esterase to be a larger, more negatively charged, species than the slow 
esterase . The pl of the fast esterase was determined to be 7.15 while 
the slow pl was determined to be 7.76. Figure 10 shows the banding 
patterns of male and female esterases in IEF tube gels. Both the male 
and the female can exhibit the fast or slow esterase in varying 
proportions. Adults may possess as many as three additional bands from 
zone 7. Both males and females have bands at pis 7.86 and 8.93. In 
addition females may exhibit a band at pl 8.4 and males may also show 
one at 8. 16. The pl of the band at position 1 is 6.17 and the pl of 
esterase 'D' was not determined. The identity of the bands from zone 7 
and position 1 were determined by inhibition patterns (see next 
section). 
The molecular weights of the slow and fast esterases were 
estimated from a series of gels run over a monomer concentration range 
of 4 % to 7.5 % and a set of known molecular weight standards (Table 2, 
Fig. 11). The faster esterase has an estimated weight of 111.18 kD 
while the slower isozyme is estimated to weigh approximately 84.76 kD. 
This condition between two isozymes is typical of size-charge 
Fig . 10. IEF tube gels of male and female esterases. pis are 
listed for each of 6 bands. Computer digitized image is present on 






Table 2. Calculations of molecular weights for Esterases 5 and 6. 
From Molecular Weight Standards: 
1 og Is 1 ope I = -2 .14 + 0. 600 x 1 og mo 1 . wt. 
Esterase 5 
slope= -7.72 
log 1slope1 = 0.8876 
predicted log mol. wt. = 5.046 
antilog 5.046 = 111,180.6 
estimated molecular weight= 111,000 
Esterase 6 
slope= -6.56 
log 1slope1 = 0.8169 
predicted log mol. wt. = 4.928 
antilog 4.928 = 84,756.5 
estimated molecular weight= 85,000 
Fig. 11. Relative mobility of esterases 5 and 6 over different 
monomer concentrations and standards used to estimate molecular 
weights. Table 2 details molecular weight calculations. 
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antagonism and means that the faster of the two species is likely more 
negatively charged (Hames and Rickwood 1981). 
The frequencies of the two major adult bands were examined from 
a sample of 80 males and 80 females (Fig. 12) and, like many esterases, 
were found to be highly polymorphic. Overall, the slow esterase occurs 
with a frequency of O. 44 in males while the fast band occurs at a 
frequency of O. 60. In females the frequency of both bands is much 
closer; the slow species was found at a frequency of 0.70, the fast at 
0.81. These figures may, however, be misleading. Among 80 females 15 
possessed the slow band alone, 24 exhibited the fast band alone, and 41 
possessed both bands. Among males, 32 of 80 bees exhibited the slow 
band alone while 45 of 80 were positive for the fast band alone. Only 
three of 80 males possessed both bands. The ultraviolet band and band 
1 appear to be monomorphic and the frequencies of bands from zone 7 
were not calculated because of the difficulty in their clear resolution 
on slab gels. 
All bands from the adult were examined with respect to 
substrate specificity. 1- and 2- naphthyl esters proved to be the most 
universally-accepted substrate. In fact, these were the only 
substrates hydrolyzed by the i sozymes in zone 7 and by band 1. Both 
the slow and fast esterase were positive for the following substrates 
and contribute the greatest amount of catalytic activity in the adult: 
indoxyl acetate, umbelliferylacetate and -butyrate, phenylthioacetate, 
acetylthiocholine and 1- and 2- naphthyl esters (Fig. 13). Gels could 
not be examined for specificity with regard to aliphatic esters because 
such assays (eg: methyl-n-butyrate) involve measuring substrate 
Fig. 12. Slab gels of male (a) and female (b) esterases 5 and 6. 
Males are haploid and females diploid. 2n denotes the presence of a 
diploid male. Gels were incubated only until bands 5 and 6 began to 
appear and were then stopped in cold water and fixative. Bands were 
determined to be esterases 5 and 6 because other bands take at least 












Fig. 13. Esterase substrates. A= 1- and 2- naphthyl esters [R=CH3 
(acetate), CH2cH3 (propionate), CH2CH2CH3 (butyrate), (CH2)3cH3 
(valerate), (CH2)4CH3 (caproate)]; B= indoxyl acetate; C= 4-methyl 
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disappearance and not a colored product. Q-nitrophenylacetate was used 
as the substrate on several gels but due to the high solubility of the 
product, Q-nitrophenol, in buffer and its tendency to diffuse quickly, 
no bands were apparent. Additionally, gels were stained for 
glycoproteins. A homogenization fraction containing membranes stained 
positively, but gels on which cytosolic fractions had been run did not. 
Developmental Multiplicity and Classification by Inhibition 
Figure 14 (upper) shows the same slab gel from Figure 9 with 
male and female adults in lanes one and two, feeding larvae in lanes 3 
and 5 and a cocoon-spinning larva in lane 4. The series is repeated in 
lanes 6-10. Cocoon-spinning larvae possess bands at the slow and fast 
positions (5 and 6) of the adult, at position 1, and two others 
labeled 3, and 4. The feeding larvae examined had the fast band (5) in 
common with the others and bands at positions labeled 1-4. Band 2 
appears to be unique to feeding larvae . 
In order to classify each isozyme, replicate gels of Figure 14 
were treated with the following inhibitors: eserine sulfate, paraoxon, 
EDTA, and Q-hydroxymercuribenzoate (PHMB). Gels were exposed to 
i nhi bi tors for 10 mi nut es prior to addition of substrate and dye and 
then allowed to react for 20 minutes. All inhibitor concentrations 
were lxlo- 3 M except EDTA at lxlo- 2 M. 
Figure 14 (lower) shows the results of inhibition by eserine 
sulfate. All bands appear to be slightly diminished except band 1. 
Figure 15 (upper) is the result of incubation with EDTA. All bands in 
the immature forms and zone 7 in the adults appear to be quite 
sensitive indicating the necessity of some some divalent cation such as 
Fig. 14. Control and eserine sulfate treatment of esterase 
isozymes of M_. rotundata: adult male (lanes 1 and 6), adult female 
(lanes 2 and 7), feeding larvae (lanes 3,5,8,10), and cocoon-spinning 
larvae (lanes 4 and 9). The top, or control, gel was untreated while 
the lower gel was treated with eserine sulfate . 

Fig. 15. EDTA and paraoxon treatment of esterase isozymes of f:1.. 
rotundata: adult male (lanes 1 and 6), adult female (lanes 2 and 7), 
feeding larvae (lanes 3,5,8,10), and cocoon-spinning larvae (lanes 4 
and 9). The upper gel was treated with EDTA while the lower gel was 
treat ed with paraoxon. 
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Ca++ or Mg++ for activity. Band 1 was not affected in either adults or 
immatures Paraoxon totally inhibited bands 2-7 but again band 1 was 
unaffected. Incubation with PHMB failed to produce results noticeably 
different from the control in Figure 14. Thus, because of their 
sensitivity to organophosphates, isozymes 2-7 have considerable type B 
esterase character. This also includes a requirement for some cofactor 
as evidenced by EDTA inhibition, especially in the immatures. Band 1 
may either be organophosphate insensitive (type C character) or may be 
able to use such compounds as substrates (type A character) (Stock and 
Robertson 1982). 
SUBSTRATE SPECIFICITY 
Esters of 1- and 2- Naphthol 
Tables 3-6 show the activity of males and females toward 
several esters of 1- and 2- naphthol (Fig. 13). On the basis of total 
activity there is no difference between the sexes while on the basis of 
specific activity males tend to have greater activity than females 
toward all esters of 1- and 2-naphthol tested. There are differences 
in the extent to which the compounds are hydrolyzed, however. Both 
males and females tend to exhibit total activities toward 1-
naphthyl pro pi on ate that are at least two-fold higher than a 11 other 
substrates which by pairwise comparison are statistically equivalent. 
The same patterns appear for both on the basis of specific activity 
(ie: per ug protein) where -propionate hydrolysis is disproportionately 
greater than other derivatives. In neither the case of specific or 
total activity are the three-way interaction terms significant. 
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Table 3. Comparison of total and specific activities toward 
esters of 1-naphthol. AC= acetate; PRO= propionate; BU= butyrate; 
VAL= valerate. Total activity units= µmoles (x 10-3) 10 minutes- 1. 
Specific activity units = µmoles (x 10-3) 10 minutes- 1 µg protein- 1. 
x sd N x sd N 
Total Activity Specific Activity 
Male Male 
AC 118.4 1.9 2 AC 0.9 0.01 2 
PRO 289.9 3.8 2 PRO 2.3 0.03 2 
BU 123.7 1. 9 2 BU 1.0 0.02 2 
VAL 129.0 9.4 2 VAL 1.0 0.07 2 
Female Female 
AC 59.2 0.9 2 AC 0.6 0.01 2 
PRO 141.0 3.8 2 PRO 1.3 0.04 2 
BU 54.3 6.0 2 BU 0.5 0.06 2 
VAL 80.5 2.8 2 VAL 0.8 0.03 2 
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Table 4. Comparison of total and specific activities toward 
esters of 2-naphthol. AC= acetate; PRO= propionate; BU= butyrate; 
VAL= valerate; CAP= caproate. Total activity units= µmoles (x 10-3) 
10 minutes- 1. Specific activity units= µmoles (x 10-3) 10 minutes- 1 µg 
protein- 1. 
x sd N x sd N 
Total Activity Specific Activity 
Male 
AC 253.9 67.7 2 AC 2.70 0.75 2 
PRO 713. 9 31. 2 2 PRO 7.6 0. 22 2 
BU 193.2 39.0 2 BU 2.0 0.44 2 
VAL 235.5 62.4 2 VAL 2.5 0.70 2 
CAP 217.1 15.6 2 CAP 2.3 0.13 2 
Female 
AC 220.8 26.0 2 AC 1.5 0.32 2 
PRO 780.2 249.8 2 PRO 5.2 0.03 2 
BU 178.5 7.8 2 BU 1.3 0.35 2 
VAL 242.9 5.2 2 VAL 1. 7 0.52 2 
CAP 246.6 26.0 2 CAP 1.8 0.75 2 
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Table 5. Three-way analyses of variance comparing main effects 
and interactions of isomer, sex, and substrate for esters of 1- and 2-
naphthol. NS= not significant. The caproate derivative is not 
included because it was metabolized only in the 2-isomer. 
df MS F p < 
Total Activity 
isomer 1 415393.33 84.41 0.0005 
sex 1 11283. 78 2.43 NS 
substrate 3 211353.10 45.49 0.0005 
isomer x sex 1 15483.60 3.33 NS 
isomer x substrate 1 82943 .10 17.85 0.001 
sex x substrate 3 265.25 0.06 NS 
isomer x sex x substrate 3 3694.40 0.79 NS 
error 16 4645.70 
total 31 
Specific Activity 
isomer 1 32.24 285.30 0.0005 
sex 1 6.55 57.96 0.0005 
substrate 3 15.08 133 .45 0.0005 
isomer x sex 1 1.10 9.73 0.01 
isomer x substrate 1 5.89 52.12 0.0005 
sex x substrate 3 0.54 4.78 0.025 
isomer x sex x substrate 3 0.10 0.88 NS 
error 16 0.113 
total 31 
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Table 6. Two-way analyses of variance comparing main effects and 
interactions of sex and substrate for five esters of 2-naphthol. NS= 
not significant. 
df MS F p < 
Total Activity 
sex 1 609 0.081 NS 
substrate 4 221134 29.453 0.0005 
sex x substrate 4 1505 0.200 NS 
error 10 7508 
total 19 
Specific Activity 
sex 1 6.35 26.68 0.0005 
substrate 4 15.77 66.26 0.0005 
sex x substrate 4 0.52 2 .18 NS 
error 10 0.24 
total 19 
68 
When 2-naphthol derivatives are considered alone, and a fifth 
compound is included (Tables 5-6), the patterns between total and 
specific activities are again the same with respect to substrate. 2-
naphthylpropionate is hydrolyzed at a significantly greater rate than 
the other derivatives. However, in this case all male activity for all 
compounds is statistically equivalent to female activity. 
In general, neither sex will hydrolyze esters of 1 or 2 
naphthol with very long aliphatic side chains. Some hydrolysis of 
esters as large as 1-naphthylpalmitate and -stearate was noted on slab 
gels but only after overnight incubation and may well have been due to 
proteases rather than esterases sensu strictu. 
Esters of Q.:. and Q- Nitrophenol 
Tables 7-9 compare the initial rates of male and female 
esterases toward various esters of Q- and Q.:. nitrophenol (Fig. 16). In 
both sexes, total enzyme activity toward both Q and Q-nitrophenyl 
derivatives follows the order: (-butyrate=-propionate=-valerate)>-
acetate. The main effect of sex and any interaction term including is 
insignificant. In all cases the ortho isomer is hydrolyzed 
preferentially. 
On the basis of specific activity the substrate order is the 
same [(-butyrate=-propionate=-valerate)>acetate] and all ortho forms 
are hydrolyzed pref erent i a 11 y in both sexes. When the interaction of 
sex by substrate is considered, males have equivalent specific activity 
toward acetate but stat i st i ca lly greater activity than females toward 
all other forms. 
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Table 7. Total and specific activities of male and female 
esterases toward esters of Q-nitrophenol. All activities are initial 
rates and total activity units= moles (x 10-10) second-1, specific 
activity units= moles (x 10-12) second-1 µg protein -1. 
AC= acetate, PRO= propionate, BU= butyrate, VAL= valerate. 
x sd N x sd 
Total Activity Specific Activity 
Male 
AC 1.24 0.05 3 AC 1.64 0.06 
PRO 3 .16 0. 15 3 PRO 4.27 0.20 
BU 3.33 0.02 3 BU 4.27 0.03 
VAL 2.51 0.07 3 VAL 3.29 0.10 
Female 
AC 1.46 0.02 3 AC 1.31 0.03 
PRO 2.67 0.13 3 PRO 2.30 0 .13 
BU 2.76 0.05 3 BU 2.30 0.03 











Table 8. Total and specific activities of male and female 
esterases toward esters of Q-nitrophenol. All activities are initial 
rates and total activity units= moles (x 10-10) second-1, specific 
activity units= moles (x 10-12) second-I µg protein -l. 
AC= acetate, PRO= propionate, BU= butyrate, VAL= valerate. 
x sd N x sd 
Total Activity Specific Activity 
Male 
AC 3.76 0 .12 3 AC 3.29 0. 10 
PRO 9.34 0 .17 3 PRO 8.22 0.16 
BU 10 . 15 0.49 3 BU 8.88 0.43 
VAL 11.02 0 .13 3 VAL 9.86 0.13 
Female 
AC 3.71 0.15 3 AC 4.90 0.20 
PRO 9.02 0.72 3 PRO 12.17 0.99 
BU 10. 72 0.03 3 BU 14.14 0.03 











Table 9. Three-way analysis of variance comparing main effects 
and interactions of isomer, sex, and substrate for esters of Q- and Q-
nitrophenol. NS= not significant. 
df MS F p < 
Total Activity 
isomer 1 421687.50 240.8 0.0005 
sex 1 256.70 0 .15 NS 
substrate 3 131113.70 74.90 0.0005 
isomer x sex 1 285.20 0 .16 NS 
isomer x substrate 3 60381.90 34.50 0.0005 
sex x substrate 3 732.70 0.42 NS 
isomer x sex x substrate 3 480. 20 0.27 NS 
error 32 1751.30 
total 47 
Specific Activity 
isomer 1 51.23 213.45 0.0005 
sex 1 7. 77 32.37 0.0005 
substrate 3 16.50 68.75 0.0005 
isomer x sex 1 1.64 6.83 0.025 
isomer x substrate 3 7.29 30.37 0.0005 
sex x substrate 3 l.ll 4.62 0.05 
isomer x sex x substrate 3 0.20 0.83 NS 
error 32 0.24 
total 47 
Fig. 16. A= Esters of Q- and Q- nitrophenol [R=CH3 (acetate), 
CH2CH3 (propionate), CH2CH2CH3 (butyrate), (CH2)JCH3 (val erate)]; B= 
bis-(Q-nitrophenyl)phosphate; C= Q-nitrophenyl-2-diazo-3,3,3-
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Perhaps of greater interest are the compounds that are not 
metabolized. Again, esters formed from long aliphatic chains are not 
hydrolyzed. These include Q- and Q.:. nitrophenylcaproate and -caprylate 
and longer groups. Also not hydrolyzed were bis-(g_-
nitrophenyl )phosphate, a substrate used to assay for phosphoesterase 
activity, Q-nitrophenylch l oroformate, and Q-nitrophenyl -2-di azo-3, 3, 3-
tri fl uoropropi onate (Fig. 16). 
Esters of Q-Nitrophenylcarbonate 
A large number of synthetic derivatives of Q-
nitrophenylcarbonate were assayed and four proved to be suitable for 
metabolism by both males and females: methyl-, ethyl-, tert-butyl-, 
and 2-methoxyethyl (Fig. 17 ). Additionally, females, but not males, 
were able to hydrolyze the isobutyl- derivative. Tables 10-11 show 
total and specific activities for both sexes. In terms of total 
activity the effect of substrate is significant and the order of 
activity is TERT>MEO>ETH>METH. he effect of sex, alone and with 
substrate, is also significant. Here, female activity tends to be 
significantly greater than male with the exception of the of the methyl 
derivative where the reverse is true. With respect to specific 
activity, the main effect of sex is again significant but this time the 
males exhibit greater overall activity. The interaction of sex by 
substrate is not significant. 
Again, what was not hydrolyzed is also of interest. Males showed 
no activity toward isobutyl-4-nitrophenylcarbonate, and neither sex 
exhibited activity toward hexyl- or octyl- 4-nitrophenylcarbonate again 
Fig. 17. Esters of Q-nitrophenylcarbonate. R= CH3 (methyl), CH2cH3 
(ethyl), CH2CH(CH3)2 (isobutyl), CH2C(CH3)3 (tert-butyl), CH2CH20CH3 
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Table 10. Total and specific activities of male and female 
esterase toward esters of 4-nitro-phenylcarbonate. TERT = tert-
butyl, MEO= 2-methoxyethyl, ETH= ethyl, METH= methyl, ISO= 
isobutyl. All activities are initial rates and units= 
moles (xlo- 12) second-1, specific activity units= moles (xlo- 12) 
second-I µg protein- 1. 
X sd N X sd 
Total Activity Specific Activity 
Male 
TERT 28.9 2.7 3 TERT 0.70 .06 
MEO 25.6 0.7 3 MEO 0.62 .02 
METH 15.9 6.8 3 METH 0.38 .16 
ETH 15.1 1.1 3 ETH 0.36 .03 
Female 
TERT 53.4 1.1 3 TERT 0.47 .01 
MEO 42.7 0.9 3 MEO 0.37 .01 
METH 6.1 4.9 3 METH 0.05 .04 
ETH 24.3 1.4 3 ETH 0.21 .01 













Table 11. Two-way analyses of variance comparing main effects 
and interactions of substrate and sex for esters of 4-nitro-phenyl 
carbonate. NS= not significant. Analysis does not include the 
isobutyl isomer, hydrolyzed only by females. 
df MS F p < 
Total Activity 
substrate 3 1119.8 107.7 0.0005 
sex 1 630.4 60.6 0.0005 
substrate x sex 3 326.4 31.4 0.0005 
error 16 10.4 
total 23 
Specific Activity 
substrate 3 0.176 41.42 0.0005 
sex 1 0.343 80.75 0.0005 
substrate x sex 3 0.008 1. 99 NS 
error 16 0.004 
total 23 
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illustrating the inability to deal with long aliphatic side chains 
attached to aromatic groups. Aromatic groups attached to the ester 
oxygen (Fig. 17) proved no easier to metabolize as benzyl-, bis-, and 
8-quinolyl- 4-nitrophenylcarbonates were not hydrolyzed. Additionally, 
and as expected, N-methyl-Q-(4-nitrophenyl)carbamate also was not 
metabolized by either sex. 
AGE RELATED CHANGES IN ESTERASE ACTIVITY 
Adults 
Esterase activity, as measured by hydrolysis of 1-
naphthylacetate, was compared between males and females over four age 
categories. Data gathered for each individual included age (days since 
emergence), wet weight, protein concentration, and enzyme activity. 
Differences are apparent between both ages and sexes and patterns 
change depending upon whether activity is expressed as total (ie: per 
individual) or specific (per unit protein) activity. Tables 12-13 
show age-related changes for both sexes in terms of total and specific 
activity. For males, all age classes differ significantly on the 
basis of total activity while the two oldest classes are statistically 
equivalent on the basis of specific activity. Female enzyme activity 
follows a more complex pattern where the youngest females differ 
significantly from the two oldest groups but not from the next oldest 
group in total activity; the three oldest groups are all equivalent. A 
similar pattern is also found when specific activity is calculated 
(Table 13). When the sexes are compared by age class, males tend to be 
significantly lower in total activity in the oldest age group but 
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Table 12. Age related changes in total esterase activity. Units 
= µmoles 1-naphthol (xlo- 2) 10 minutes- 1 at 25°C. Averages followed 
by the same superscript are statistically equivalent. Data analyzed 
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Table 13. Age related changes in specific esterase activity. 
Units= ~moles 1-naphthol (xlo- 4) 10 minutes- 1 mg protein- 1 at 2s•c. 
Averages followed by the same superscript are statistically equiva-
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p < 0.001, df = 3,40 
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significantly higher in specific activity in the two youngest 
categories. If the regression lines for males and females are 
compared, esterase activity declines less rapidly with age for females 
than for males both in terms of total (ANOVA F=l0.3, p<0.001, df=l,85) 
and specific (ANOVA F=l7.0, p<0.001, df=l,85) activities (Fig. 18). 
Considering the possibility that size and protein concentration 
per individual may play a role, comparisons were made between and 
within sexes on the basis of age. In both sexes, wet weights did not 
differ significantly over age and, in females, protein concentration 
remained the same over age {Table 14). Among males, however, protein 
levels remained constant only over the first three age categories but 
dropped significantly by old age. When pairwise comparisons were made 
between sexes for each age class, female protein concentrations were 
found to be significantly greater in all cases. Where size is 
concerned, females weighed significantly more than males in all age 
classes except the youngest (Table 15). Thus, though males initially 
start out higher in esterase activity, they decline more quickly than 
their female counterparts and end life with significantly less ability 
to hydrolyze ester bonds, largely because of protein loss. 
Life Stages 
Esterase activity was al so compared between life stages for 
three classes of substrates: thioesters (phenylthioacetate), aromatic 
esters (Q-nitrophenylacetate) and aliphatic esters (methyl-n-butyrate). 
The life stages assayed were one day old males and females, cocoon-
spinning larvae, and larvae actively feeding on provisions (Tables 16-
20). For phenylthioacetate {PTA} there were significant differences 
Fig. 18. Age related esterase activity. Units for total activity 
= umoles 1-naphthol 10 minutes- 1. Units for specific activity = 
umoles 1-naphthol 10 minutes- 1 mg protein- 1. Male total activity = 
0.0870 - 0.00172 x Age, female total activity = 0.0745 - 0.000791 x 
Age. Male sp ec ific activity = 0.00152 - 0.000024 x Age, female 
specific activity= 0.00121 - 0.000015 x Age. 
0.14 
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Table 14. Comparison of protein concentration per individual by 
age. Units = µg protein/100 µl homogenate. Data analyzed by ANOVA, 







































p = 0.089, df = 3,40 
Table 15. Weight comparisons by age class. Units= mg. Data 




































F = 1.11, p = 0.358, df = 3,38 F = 1.59, p = 0.207, df = 3,40 
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Table 16. Comparison of three substrate classes between life 
stages and sexes. For total activity, units= moles (x 10-10) 
second-1. PTA= phenylthioacetate, PNPA = p-nitrophenylacetate, MEB = 
methyl-n-butyrate, FE= feeding larvae, CO= cocoon spinning larvae. 
Data analyzed by ANOVA, LSD, Table 20. Stages followed by the same 
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Table 17. Differences between substrate classes within sex or 
stage for total activity. Units= moles (x 10-10) second-1. PTA= 
phenylthioacetate, PNPA = p-nitrophenylacetate, MEB = methyl-n-
butyrate, FE= feeding larvae, CO= cocoon spinning larvae. Data 
analyzed by ANOVA, LSD, Table 20. 
x sd N 
PTA 8.9 0.2 3 
PNPA 2.5 0.1 3 PTA> PNPA > MEB 
MEB 0.4 0.2 3 
PTA 7 .1 1.1 3 
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PNPA 2.3 0.02 3 PTA> (PNPA = MEB) 
MEB 1.8 0. 17 3 
co PTA 10.9 0.02 3 
PNPA 3.0 0.57 3 PTA > PNPA > MEB 
MEB 0.8 0.33 3 
FE PTA 3.6 0.15 3 
PNPA 0.9 0.01 3 PTA> (PNPA = MEB) 
MEB 0.6 0.12 3 
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Table 18. Comparison of three substrate classes between life 
stages and sexes. For specific activity, units= moles (x 10-12) 
second-I µg protein- 1. PTA= phenylthioacetate, PNPA = p-
nitrophenylacetate, MEB = methyl-n-butyrate, FE= feeding larvae, CO= 
cocoon spinning larvae. Data analyzed by ANOVA, LSD, Table 20. 
Stages or sexes followed by the same letter are statistically 
equivalent. 
X sd N 
PTA rl' 10.2 0.2 3 
i 5.8 0. 1 3 CO>~> (FE= i) 
co 11. 6 0.6 3 
FE 6.3 0.2 3 
PNPA 0 2.8 0.2 3 
i coa cf ab 
b 
1. 9 0.02 3 ~ FEb 
co 3 .1 0.02 3 
FE 1.6 0.02 3 
MEB r! 0.5 0.2 3 
~ 1.5 0.1 3 i =FE= CO= o' 
co 0.9 0.3 3 
FE 1.1 0.2 3 
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Table 19. Differences between substrate classes within sex or 
life stage for specific activity. Units= moles (x 10-12) second-I µg 
protein- 1. PTA= phenylthioacetate, PNPA = p-nitrophenylacetate, MEB 
= methyl-n-butyrate, FE= feeding larvae, CO= cocoon spinning larvae. 






















































PTA> PNPA > MEB 
PTA> PNPA = MEB 
PTA > PNPA > MEB 
PTA> (PNPA = MEB) 
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Table 20. Two-way analyses of variance comparing main effects 
and interactions between substrates and life stages for Table 16-19. 
df MS F p < 
Total Activity 
substrate 2 153.03 619.56 0.0005 
life stage 3 15.97 64.65 0.0005 
substrate x life stage 6 8.12 32.85 0.0005 
error 24 0.25 
total 35 
Specific Activity 
substrate 2 190.24 975.6 0.0005 
1 i fe stage 3 10.40 53.4 0.0005 
substrate X 1 ife stage 6 7.94 40.7 0.0005 
error 24 0.19 
total 35 
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between the four stages. In both cases cocoon-spinning larvae 
exhibited the greatest total activity followed by males, females and 
feeding larvae. Likewise, on the basis of specific activity the same 
pattern is seen except that females are equivalent to feeding larvae. 
For Q-nitrophenylacetate (PNPA) the picture is more complex but feeding 
larvae tend to exhibit the least total and specific activities. The 
results for methyl -n-butyrate (MEB) show a different order of enzyme 
activity with respect to life stage. Here, females have significantly 
higher rates of total activity toward MEB than males but are 
equivalent to immature forms. All life stages are equivalent on the 
basis of specific activity. Males and cocoon-spinning larvae are 
equivalent. When activities are compared within each life stage toward 
the three substrates, the greatest activities are exhibited toward PTA 
in each case . PNPA hydrolysis is significantly greater than MEB 
hydrolysis in the case of males and cocoon-spinning larvae but the two 
are equivalent among females and feeding larvae. 
MICHAELIS-MENTEN KINETICS AND INHIBITION 
The substrate affinity of the female cytosolic fraction was 
measured by altering the concentration of Q-nitrophenylacetate from 5.4 
x 10-5 M to 8.7 x 10-4 M. Figure 19 illustrates data plotted by Eadie-
Hofstee transformation and shows that assays were conducted over an 
adequate range of substrate concentrations. Figure 19 shows data 
plotted by Hanes transformation and is the method by which Km and Vmax 
were calculated (Cornish-Bowden 1979). For Q-nitrophenylacetate, the 
calculated female Km was 1.24 x 10-4 Mand Vmax was 2.29 x 10-9 moles 
Fig. 19. a) Eadie Plot. v=nmoles second-I mg protein- 1, [S]=mM, 
values for v/[S] are xio- 4 , N=20. b) Hanes Plot . v=umoles second- 1 mg 
protein- 1, [S]=mM, Km=l.24 x 10-1mM, Vmax=2. 287 nmoles second- 1 mg 
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second-I mg protein- 1. 
Four organophosphorus insecticides were al so assayed to 
determine their mechanism of action and to compare their inhibition 
constants (Fig. 20). Three of the compounds are insecticides to which 
both male and female bees are regularly exposed in the alfalfa seed 
industry: trichlorfon, naled, and oxydemetonmethyl (MSR). The fourth, 
paraoxon, is a powerful inhibitor commonly used in studies of 
hydrolases and was chosen for purposes of comparison. Prior to kinetic 
assay, all inhibitors were screened in order to determine appropriate 
concentration ranges. Conditions and incubation times were 
standardized over the four inhibitors except that MSR was assayed at 
35° C instead of 30° C. For each assay, inhibitor concentrations were 
held constant while substrate concentrations were varied. The female 
enzyme used in the inhibitor studies was the same stock used to 
determine Km and Vmax. 
Figures 21-22 show the Hanes transformation of data for all 
inhibitors. Clearly, in all cases, both the slopes and y-intercepts 
change at given [I], thus the implied mechanism is mixed inhibition. 
That is, the rate equation for each inhibit or has both competitive 
terms (K1c) where the inhibitor competes with the substrate for free 
enzyme and uncompetitive terms (Kiu) where the inhibitor binds to the 
enzyme-substrate complex. Figures 23 to 26 illustrate the replots of 
they-intercepts and slopes versus [I] for each of the inhibitors in 
Figure 21-22. The x-intercept of they-intercept versus [I] replot is 
K1c and the x-intercept of the slope versus [I] replot is Kiu· Table 
21 lists the competitive and uncompetitive inhibition constants for all 
inhibitors and compares their relative toxicities. The most toxic 
Fig. 20. Organophosphate insecticides used as inhibitors. A= 
oxydemeton methyl, B= trichlorfon, C= naled, D= paraoxon. 
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Fig. 21. Hanes plots for naled and paraoxon inhibition. [S]=mM, 
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■ [I] = 2.5x10-8 M 
a rn = 1x10-8 M 
• [I]: 1x10-9 M 
o [I]= 0 
a [I]= 1x10-S M 
• [I]= 5x10-8 M 
o (I]= 0 
Fig. 22. Hanes plots for trichlorfon and oxydemeton methyl 















0.0 0.2 0.4 
[S] 
0.6 0.8 1.0 
0.6 0.8 1. 0 
c [l]:1x10-4M 
• [I]: 1x10-5M 
0 ~1 :0 
■ [ij : 5x10-3 M 
C [ij = 1x10-3 M 
• [I]= 1x10-4 M 
0 [I]= 1x10-5 M 
94 
Fig. 23. Replots for trichlorfon. From the y-intercept vs [I] 
replot, K1c=0.045 x l0- 4M. From the slope vs [I] replot, Kiu=0.155 x 
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Fig. 24. Replots for oxydemeton methyl. From they-intercept vs 
[I] replot, Krc=0.586 x IO-3M. From the slope vs [I] replot, 
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Fig. 25. Replots for naled. From they-intercept vs [I] replot, 
Krc=0.315 x I0- 8M. From the slope vs [I] replot, Kru=0.573 x l0- 8M. 
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Fig. 26. Replots for paraoxon. From the y-intercept vs [I] 
replot, Kic=0.118 x 10-6M. From the slope vs [I] replot, Kiu=0.229 x 
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Table 21. Kinetic constants determined for four inhibitors. 
Inhibitor 
t rich 1 orfon 0.045 X l0- 4M 0 .155 x l0- 4M 
naled 0.315 x l0- 8M 0.573 x l0- 8M 
paraoxon 0 .118 X l0- 6M 0.229 X l0- 6M 
oxydemeton methyl 0.586 X lo- 3M 0.569 X l0- 3M 
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compound is naled with apparently very high affinity for the esterases 
followed by paraoxon, trichlorfon, and MSR respectively. 
Interestingly, the three most toxic compounds also exhibit Krcs that 
are somewhat smaller than their respective Krus. Probably Kru is more 
accurately estimated than Krc because relatively small changes in the 
slope of the inhibitor-Hanes plot can result in much larger changes in 
the y-intercept, thus making the y-intercept vs [I] replot overly 
sensitive . 
GLUTATHIONE ~-TRANSFERASES 
Glutathione ~-transferase (GST) activity was measured in two 
ways: electrophoretically using methyl iodide and 1,3-dinitro-
i odobenzene ( IDNB) as substrates and spectrophotometri cally using l-
chl oro-2, 4-di ni trobenzene (CDNB) and 3,4-dichloronitrobenzene (DCNB) as 
substrates. 
Electrophoresis 
For both non-denaturing PAGE and IEF, methyl iodide, though 
conjugated, proved to be an unsuitable substrate as levels of 
background staining were quite high. IDNB conjugation resulted in the 
appearance of light violet to blue bands after several minutes though 
bands disappeared after approximately ten minutes. The largest number 
of isozymes or bands were found by IEF and differed between the sexes. 
Bands in both sexes were rather broad but found repeatedly in the same 
position. Males and females both possess bands at approximate pls of 
8.3, 7.6, and 6.7. Males have a fourth band at pl 6.1 while females 
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have two more bands at pis 5.7 and 4.2. Considerably fewer individuals 
were examined than in the esterase study (less than 20 of each sex) but 
no polymorphism was noted in banding. 
DCNB and CDNB Conjugation 
Conditions were optimized for both DCNB and CDNB but proved 
somewhat more difficult in the case of the latter. A pH screen for 
DCNB yielded an optimal pH of 8.5 in Tris-HCl buffer at 37° C while 
similar experiments with CDNB in sodium phosphate buffer at 25° C 
indicated a probable pH optimum of 8.0. The pH optimum for CDNB, 
however, was difficult to resolve as non-enzymatic rates of conjugation 
were very high and repeatability from experiment to experiment could 
not be ensured. Thus to minimize non-enzymatic rates and for purposes 
of comparison with the literature, reactions with CDNB were 
consistently run at pH 6.5. It is likely that the pH optimum for CDNB 
conjugation in most organisms is slightly alkaline though reactions are 
almost always carried out at pH 6.5. Additionally, it was not possible 
to measure conjugation of either substrate when buffers were reversed. 
Overall activity toward CDNB was considerably higher than 
toward DCNB among both sexes. This is especially interesting since 
DCNB activity was assayed at a higher temperature (37° C vs 25° C) and 
substrate concentration (150 mM vs 35 mM) and since CDNB conjugation 
was measured at a less-than-optimal pH. CDNB was thus the substrate of 
choice for sex and age comparisons. 
Table 22 and Figure 27 show the changes in GST activity as 
measured by CDNB conjugation with age for both males and females. On 
the basis of specific activity, males tend to have higher GST activity 
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Table 22. Changes in glutathione S-transferase conjugation of 
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Fig. 27. Changes in glutathione .S.-transferase activity with age . 
Specific activity= nmoles CDNB conjugated minute-I ug protein-I. Male 
specific activity = 2.355 - 0.087 x Age, female specific activity = 
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early in life with levels dropping steadily over time such that by day 
15-17 activity is less than half of day one. Comparison of three male 
age classes shows significant differences (ANOVA F=l29.3, p<0.001, 
df=2,9). Conversely, female activity, though initially lower than male 
activity, tends to remain stable at least to day 14 (ANOVA F=3.8, 
p>0.05, df=2,7). Likewise, comparison of the slopes of the lines when 
enzyme activity is regressed on age yields a significant difference 
between the sexes (ANOVA F=226.8, p<0.001, df=2,18). 
electrophoretic patterns with respect to age were not noted. 
Inhibition: Chalcones, Flavonoids and Tridiphane 
Changes in 
Chalcone, seven of its synthetic derivatives, two flavones,and 
an herbicide, tridiphane (Fig. 28), were examined for inhibition of 
both CDNB and DCNB conjugation. Though inhibitors were assayed at a 
variety of concentrations, 1 x 10-5M was chosen as the final 
concentration at which to compare all inhibitors because of solubility 
problems for some derivatives at higher concentrations. Data are 
presented as percent inhibition because solubility problems would not 
allow concentrations high enough to permit calculation of I5os (Tables 
23 and 24). 
If the arc-sin transformation of percent inhibition is used to 
compare inhibitors by analysis of variance there is no overall 
difference between the two substrates (ANOVA F=l. 9, p>O. 05, df=l, 10). 
Likewise there is no difference between the sexes when all substrates 
and inhibitors are combined (ANOVA F=2.7, p>0.05, df=l,10). However, 4-
phenylchalcone will inhibit conjugation in both sexes when CDNB but not 
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Table 23. Percent inhibition of CDNB conjugation by chalcones, 
flavones and tridiphane. 
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Table 24. Percent inhibition of DCNB conjugation by chalcones, 
flavones and tridiphane. 


































































DCNB is the substrate. There are also differences between the 
inhibitors when substrates are combined (ANOVA F=l0.34, p<0.05, 
df=l0,10). After completing pairwise comparisons by LSD, the following 
relationships emerge (compounds followed by the same letter are 
equivalent): 
chalconea 4'-nitrochalconeb fluorochalconeb 4'-methoxychalconebc 
quercetinbcd 4-methoxychalconecd 4-nitrochalconed 4-butylchalconed 
4-phenylchalconed tridiphaned flavonee 
Here, no compound is as inhibitory as the parent compound, chalcone. 
Interestingly, flavone though structurally similar to chalcone shows no 
inhibition with either substrate while its congener, quercetin, does. 
It is also apparent that the 4'-derivatives are more inhibitory than 
the 4-derivatives, while surprisingly, tridiphane exhibits very little 
inhibition at all. Additionally, the interaction of substrate by sex is 
not significant (ANOVA F=l.97, p>0.05, df=l,10) nor is the interaction 
of sex by inhibitor (ANOVA F=0.74, p>0.05, df=l0,10). The interaction 
of substrate by inhibitor is significant (ANOVA F=3.4, p<0.05, 
df=l0,10) and pairwise comparison indicates that only the 4' compounds 
differ. In the case of 4'-methoxychalcone DCNB metabolism is inhibited 
significantly more than CDNB while in the case of 4'-nitrochalcone the 
reverse is true. 
If a two-way fixed effects analysis of variance is used to test 
for differences between the sexes five cases are found to be 
significant on the basis of moles substrate conjugated (inhibited 
versus uninhibited): For CDNB, 4-butyl-(female>male) (ANOVA F=l39.9, 
p<0.001, df=l,6), 4-fluoro- (male>female) (ANOVA F=8.6, p<0.05, 
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df=l,8), and 4-nitro-chalcone (female>male) (ANOVA F=32.5, p<0.01, 
1,8) differ between the sexes while for DCNB 4'methoxy- (male>female) 
(ANOVA F=233.6, p<0.001, df=l,8) and 4-nitro-chalcone (male>female) 
(ANOVA F=334 . 9, p<0.001, 1,8) are significantly different. 4-
nitrochalcone is the only compound that inhibits both sexes 
differentially with both substrates but its effects are reversed with 
respect to each substrate. 
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DISCUSSION 
CLASSIFICATION FMeqachile rotundata ESTERASES 
Based on inhibition studies, the esterases of M_. rotundata 
appear to be simple and straight forward enough to allow either an AB 
C or tentative E.C. type classification. Bands 2-6, zone 7, and 
esterase Dall exhibit enough inhibition by organophosphorus compounds 
to be designated as type B. Band 1 is completely insensitive to any 
inhibitor used and may be either type A (hydrolyze organophosphates) or 
C (insensitive). Bands 2-6 could also be designated as E.C. 3.1.1.1, 
carboxyesterases or al iesterases, due to their total inhibition by 
paraoxon and relative insensitivity to eserine sulfate. Bands 5 and 6 
might also be further designated as acetylcholinesterases (E.C. 
3.1.1.7) because of their ability to hydrolyze acetylthiocholine iodide 
and very quick reaction with phenylthioacetate. An E.C. classification 
of band 1 presents a minor problem. Traditionally, it would be 
designated as E.C. 3.1.1.2, or arylesterase, because of its 
insensitivity to eserine and paraoxon. But, Stock and Robertson (1982) 
note that arylesterases are commonly inhibited by EDTA or 
hydroxymercuribenzoate (PHMB), which is clearly not the case in the 
present study. Lack of inhibition by EDTA also makes a further case 
for band 1 being designated as insensitive (type C). The scheme 
presented by Rosenthal and Janzen (1979) states that both subgroups of 
type A esterases require divalent cations, though different species. 
If band 1 were thus type A, some inhibition by EDTA or PHMB might have 
been expected. Assignment of the name 'aliesterase' to bands 2-6, or 
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zone 7 is also somewhat arbitrary since responsibility for hydrolysis 
of the aliphatic substrate (methyl-n-butyrate) cannot be assigned to 
any single band or bands. In actuality, substrate specificity between 
the M_. rotundata hydrol ases is probably overlapping and even though 
classification is simple relative to other organisms, once again 
illustrates the arbitrariness and likely uselessness of current 
classification systems. 
ESTERASES AND ALLOZYMIC VARIABILITY 
Hymenopteran species reproduce by arrhenotokous 
parthenogenesis. That is, males develop from unfertilized eggs and are 
haploid while females are diploid (Bull 1983). Certain selection 
models predict that levels of heterozygosity should be lower in haplo-
diploid populations than in comparable diploid populations (Pamila et 
al. 1978). In fact, most diploid organisms maintain approximately 30% 
of their enzymatic loci in a polymorphic state (Snyder 1975) while the 
percentage for Hymenoptera is much lower (Bruckner 1974). Various 
explanations such as parthenogenet i c reproduction, constancy of the 
environment, and the high degree of genetic relatedness necessary to 
maintain eusocial conditions have been invoked, though not thoroughly 
tested (Snyder 1975, Pamila et al. 1978). Megachile rotundata has 
previously been surveyed in five geographic sites in California and 
Utah and 18 of the 19 loci examined were found to be invariant. An 
esterase locus was found to be highly polymorphic (Lester and Selander 
1979). This esterase was designated as EST-4 and found to occur in two 
forms. Lester and Selander ( 1979) reported that form 1 occurred with 
frequencies of O. 66 to O. 38 and form 2 occurred with frequencies of 
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0.62 to 0.34 among the five populations examined. Although results of 
the study support the prediction of low levels of allozymic variability 
there are two prob 1 ems in re 1 at i ng it to our own work: 1) the authors 
report finding two esterases, EST-1 that was found to be invariant and 
the afore mentioned EST-4. Since the study does not report to what the 
esterase numbering system corresponds, and does not report Rf values it 
is difficult to tell how their results correspond to our own. 2) the 
technique used by Lester and Selander (1979) to separate esterases was 
starch gel electrophoresis which has considerably less resolution than 
PAGE or IEF. Probably EST-4 of Lester and Selander (1979) is our fast 
and slow band, simply because its activity and polymorphism is so much 
greater than a 11 of the other forms separated. EST -1 of Lester and 
Se 1 ander ( 1979) may be our band 1 or some compilation of bands from 
zone 7. 
Are the fast and slow bands demonstrated here truly allozymes 
or merely isozymes? The only definitive test would be to cross males 
and fema 1 es of known genotype and examine the progeny, none the 1 ess 
some predictions can be made on the basis of the present data. If we 
assume for a moment that the two bands are allelic, then those males 
that possess only the fast or slow band can be used to predict the 
number of heterozygotes and homozygotes among females. Using the 
Hardy-Weinberg equation, where p2 + 2pq + q2 = 1, the expected number 
of female heterozygotes is 38.8 and the expected number of homozygotes 
are 27.4 and 13.8 for esterases 5 and 6 respectively. If the observed 
number is compared to the expected number by chi square test the 
difference is not significant (X2=0.64, df=2, p<0.05). Thus, it is 
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very possible that esterase bands 5 and 6 are allelic. Whether the 
bands in zone 7 represent a 11 el es is open to question. We have noted 
polymorphisms in the female but poor resolution has made quantitation 
of large sample sizes difficult. Band 1 and esterase D appear to be 
monomorphic. 
The observation of three males that possess both the fast and 
slow esterase {frequency = 0.0375) presents somewhat of a problem if 
the two bands are alleles and males are haploid. Actually, diploid 
males have been observed among at least 5 species of bees {Bull 1983) 
and occur at low frequencies among other Hymenoptera {Page and Metcalf 
1982). The above proportion only represents diploid heterozygotes as 
diploid homozygotes are undetectable and thus is the lowest estimated 
frequency. Diploid males arise in any situation where the individual 
is homozygous for all sex factors while females are produced when any 
sex factor is heterozygous. Bi parental males are never completely 
eliminated from the population and have been shown to occur at roughly 
the square of the frequency of sex factors {Bull 1983). Thus, since 
the haploid number of chromosomes is 16 in M. rotundata {Klostermeyer 
and Soo Hoo 1968), three or more would have to be involved as sex 
factors if the frequency of diploid males found in the present study is 
an accurate reflection of the species at large. 
Diploid males are most commonly known to arise from inbred 
females {ie: mated to sons), are inviable, and are usually killed by 
normal individuals in such social species as Apis mellifera. The 
occurrence of diploid males in M. rotundata is thus not necessarily 
surprising and may result from its partially bivoltine habit. 
Overwintering prepupae develop and emerge as adults to mate and lay 
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eggs in late spring or early summer. A portion of that generation 
develops and emerges later that season to mate and produce still more 
offspring (Tepedino and Parker 1988). It possible that some males 
from the population to emerge in late spring survive long enough to 
mate with females that emerge later in the summer, and therefore 
potentially daughters, to produce diploid males. Laboratory data on 
longevity show that males from the overwintering generation may survive 
long enough to do just that (Frohlich and Tepedino unpubl.). 
ESTERASE VARIABILITY: PHYSICAL PARAMETERS, SUBSTRATE SPECIFICITY, 
LIFE STAGES, SEXES, AND AGES 
Physical Parameters 
Leafcutting bee esterases exhibit broad pH optima and high 
temperature tolerances. This is not surprising, in view of several 
aspects of bee biology. First, ,M. rotundata is a poikilotherm and 
hence most of its enzyme activities would be expected to be 
proportional to ambient temperature up to some point near lethality. 
The alfalfa leafcutting bee probably encounters widely-fluctuating 
temperatures over a season and over its wide geographic range. 
Tolerance of high temperature would be desirable because temperatures 
on the faces of nesting blocks and inside the nest can exceed 45° C. 
(Underraga 1978). Second, the broad esterase pH optima would be 
expected if the enzyme-substrate specificities were broad and 
physiological roles were diverse. Broad pH optima are not unexpected 
because esterases may be utilized in different tissues and cells under 
a variety of ionic and pH conditions, With the exception of the 
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juvenile hormone esterases there has been 1 ittl e reason to propose 
specific roles for insect esterases (Abdel-Aal et al. 1988). Partly 
because of difficulties in purification and partly because of their 
broad substrate specificities no endogenous role other than the general 
term 'detoxifier' has been assigned. 
Substrate Specificity 
Aspects of substrate specificity can be summarized as follows: 
1) 2-naphthyl ester derivatives are hydrolyzed more quickly than 1-
naphthyl, 2) aromatic substrates with a nitro group in the ortho 
position react much faster than substrates with nitro groups in the 
para position, and 3) medium sized (3-4 carbons) aliphatic chains 
attached to the ester oxygen are easier to metabolize than very short 
or long aliphatic groups. The preference for 2-naphthyl derivatives is 
not unexpected and probably is a matter of steric hindrance. The ester 
bond in the substituent at the 2 position is less hindered by the ring 
system and consequently more available for hydrolysis than the same 
bond in the 1 position. The preference for the ortho isomer over the 
para isomer in derivatives of nitrophenol is surprising, however. One 
might predict that the para isomer simply makes the molecule too large 
to fit the active site but it seems more likely that a nitro group in 
the ortho position would result in even greater steric hindrance. It 
may be that some electronic property of the nitro group at the ortho 
position makes hydrolysis more energetically favorable. The preference 
for medium sized aliphatic side chains is somewhat more difficult to 
explain. Somehow, 3 to 4 carbon aliphatic groups are more easily 
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hydrolyzed than their shorter counterparts. It may be that in 
substrates with fewer carbons there is too much 'free play' in a large 
active site. Very long substituents may simply be too large to fit the 
active site. Among the few other studies that have looked, similar 
patterns are found in Drosophila mo.iavensis (Pen et al. 1984), the 
honey bee (Bitondi and Mestriner 1983) and several species of the 
nematode genus, Meloidogyne (Esbenshade and Triantaphyllou 1986). 
Similar patterns in plasma esterases are also seen in guinea pigs 
(Holmes and Masters 1967) and humans (Coates et al. 1975) though the 
ability to hydrolyze substrates with much larger aliphatic side chains 
is evident. 
If one were to predict a natural substrate, from available 
data, it might be similar to the most active compounds used here . 
Several criteria would have to be met, however. First, the alcohol 
portion would have to be occupied by an oxygen atom, as in a normal 
carboxyester, or some other good leaving group such as a sulfur atom. 
A nitrogen atom in the alcohol position would clearly be inhibitory 
while halogens would be unmetabolizable . Second, one side of the ester 
bond could be occupied by an aromatic ring but not both sides. The 
other side would thus be some aliphatic group composed of not more than 
5 carbons. Electron withdrawing groups attached to the aromatic ring, 
such as nitro groups, enhance reactivity of the ester while halogens 
and probably electron donating groups either kill or reduce activation. 
Third, if the ester were totally aliphatic there would again be size 
restrictions such that compounds like very long chain fatty acids (>10-
20 carbons) would be unlikely to be hydrolyzed. Bulky aliphatic 
groups, such as tert-butyl groups do seem to be handled well. The most 
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likely aliphatic substrate would be some carboxylic acid with a 
relatively small (2-4 carbons) group attached to the ester oxygen such 
as are used among social Hymenoptera as pheromone precursors ( Francke 
et al . 1984) (see next section). 
Life Stages 
The more interesting questions pertain to differences in 
banding patterns and enzyme activities between life stages, sexes, and 
ages. Figure 9 cl early shows differences in i sozyme patterns between 
adults, cocoon-spinning larvae, and feeding larvae. It is likely that 
differences between the three are largely due to differences in their 
respective niches. Indeed, such isozyme differences have been shown 
with respect to developmental stage and age in the honey bee though 
little or no explanation has been made (Tripathi and Dixon 1968, 
Nunamaker and Wilson 1982, Krieg and Marek 1983). While adults are 
mainly concerned with nectar imbibition, reproduction, nest building, 
and provisioning (see below), immature forms feed on nectar and pollen, 
grow, metamorphose and eventually form a protective cocoon. Esterases 
may be required by feeding larvae to aid in the breakdown of both toxic 
and non-toxic substances found in the food. In fact, one might 
expect the feeding larvae to exhibit a greater array of esterases than 
adults. Both adults and larvae feed on nectar but larval diets are 
much higher in pollen. Thus, the potential range of toxins in larval 
diets may be greater Certainly, larvae undergo growth and 
developmental processes not found in the adult. Perhaps at least some 
of their unique esterases are active here . The high specific activity 
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of feeding larvae toward aliphatic substrates may indicate that 
esterases play a role in metabolism of lipid-like straight-chain esters 
during growth and development. 
Cocoon-spinning 1 arvae a 1 so face problems not encountered by 
other forms. Other workers (see below) have elucidated chemical 
reactions in other species of non-megachilid bees that likely require 
the participation of esterases in the formation of polyester layers 
that line the inside of underground brood cells (Hefetz et al 1979, 
Albans et al. 1980). Because of similarities between the function of 
such cell linings and the cocoon (i.e. repelling water with a 
hydrophobic layer), esterases may be involved in a similar capacity 
during cocoon formation. 
Finally, the high staining intensity of band 1 in the immatures 
as compared to the adults is interesting. Band 1 either hydrolyzes or 
is completely insensitive to organophosphorus insecticides. If they 
can use organophosphates as substrates, immature forms may be able to 
tolerate higher dosages than adults. Since virtually nothing is known 
about organophosphate residues in alfalfa pollen and nectar, immatures 
may not be at as great a risk as one might predict on the basis of body 
size alone. If the band is simply insensitive, it would make no 
contribution toward detoxication. 
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Sex and Age 
Several differences exist between males and females. The 
biggest difference between the two is in the number and type of 
isoelectric forms in zone 7. Both sexes exhibit isozymes at pls 8.93 
and 7.86. Males have a unique form with a pl of 8.16 and females have 
a unique form of pl 8.4 (Fig. 10). Subtle differences also occur with 
respect to substrate specificity. Males in general exhibit 
significantly higher specific activities than females while total 
activities tend to be similar (Tables 3,4,7,8,10). What this means is 
that males and females in general have similar capacities to metabolize 
esters but that of the total body protein, females devote 
proportionately less to esterases than do males. Females also exhibit 
very high activity toward aliphatic substrates relative to males and 
are capable of hydrolyzing one Q-nitrophenylcarbonate ( - isobutyl) 
derivative that males are not. Additionally, males lose significantly 
more esterase activity over their lifetime while female activity 
remains more constant. 
Although the compounds used to assay esterase activity are 
rarely,if ever, encountered in nature and certainly played no role in 
the biochemical evolution of the group, such differences may begin to 
shed some 1 ight on the endogenous roles of the esterases and 
differences between the sexes. The most apparent dissimilarity between 
the two is in reproductive and nest provisioning roles. Females are 
responsible for all nest construction and provisioning as well as egg 
laying while males contribute only sperm. In terms of age changes, it 
may be that males need a high level of a number of enzymes, including 
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esterases, early in life in order to produce a large number of sperm. 
After initial production it may be that the only metabolic cost is in 
maintenance, thus high enzyme levels may be allowed to drop. 
Conversely, females continue to lay eggs and provision nests over their 
entire life so any esterase activity involved might be expected to 
remain relatively constant. Additionally, mating is over early in the 
life of the female which may explain short male lifespans and loss of 
protein. 
There is good circumstantial evidence to invoke carboxyesterase 
involvement in nest construction. Hefetz et al. (1979) and Albans et 
al. (1980) independently discovered several types of macrocyclic 
lactones as well as dicarboxylic esters and traces of di- and 
trihydroxymonocarboxylic esters in the Dufour's gland of several 
species of Colletes and Andrena. These compounds were shown to be 
incorporated into long chain polyesters that ultimately make up the 
hydrophobic inner lining of the brood cell. The 1 iquid secretion 
containing the lactones and carboxylic esters is combined with a 
cephalic secretion by the female and spread over the cell wall 
whereupon it polymerizes into a smooth but solid lining (Torchio et al. 
1988). In order for cross linking and esterification to occur, the 
ester bonds of the lactone must be hydrolyzed and the ring opened. 
Likewise, a similar process must occur for carboxylic esters to be 
utilized. Likely, the process involves some type of esterase, though 
at this point that is only speculation (Hefetz et al. 1979, Albans et 
al. 1980). A number of megachilid bees have also been observed to line 
parts of the cell with salivary and abdominal secretions (Parker and 
Tepedino 1982, Frohlich 1983, Frohlich and Parker 1983,1985) thus, a 
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similar phenomenon may occur in M_. rotunda ta. Additionally esterases 
may play a role in treatment of leaf pieces during mastication. Such 
esterases that might be involved would not be expected to be produced 
or present in as high a quantity in the male and their presence might 
be indicated by the relatively high female activity toward aliphatic 
substrates found in the present study. Though compounds such as 
methyl-n-butyrate have been used here, it is similar to naturally-
occurring compounds in that it is the methyl ester of a carboxyl i c 
acid. 
More recently, Francke et al. (1984) have reported the 
isolation and identification of six straight chain esters in the 
volatile secretions of unidentified megachilid species. They note that 
the carboxyl ic acids of such esters are commonly used as sex and 
aggregation pheromones in many species of Hymenoptera. Again, in order 
to activate those compounds, hydrolysis of the ester moiety is 
prerequisite and the process may well be enzyme mediated. Since M_. 
rotundata live in large nesting aggregations, such compounds may well 
be used to mark individual nests by females. 
In short, though no endogenous role for the alfalfa 
leafcutting bee esterases can be clearly assigned, it seems from the 
literature that enough naturally present ester-containing compounds are 
now being identified to allow the next logical step: assay with 
characterized and purified isozymes. 
One nagging question regarding sexual dimorphism and esterase 
activity remains. That is, since males are haploid and females are 
diploid, why do females not exhibit twice the activity of males? 
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Indeed, male esterase activity is often higher than female depending on 
the age and substrate. At least two possible explanations are 
apparent: transcription rates in females may be reduced relative to 
males or male transcription rates may be increased. Such dosage 
compensation is widely known and has been demonstrated in a large 
number of organisms (Bull 1983). However, it is usually associated 
with sex-linked chromosomes where one member of a pair is degenerate or 
non-existent. Thus, individuals with both chromosomes possess two 
copies of sex-1 inked genes as opposed to one. Both mechanisms of 
dosage compensation are known to exist among insects. Drosophila 
melanogaster adjusts X expression by doubling the rate of transcription 
in the XY ma 1 e. Of two species of crickets, one uses the Drosophila 
type (Acheta domesticus) while a second, Gryllotalpa fossor, exhibits 
inactivation of one X in the diploid form, as in mammals (Bull 1983). 
While the mechanism is unknown in M. rotundata and is not necessarily 
sex-linked, clearly some form of compensation 
females exists. 
between males and 
MICHAELIS-MENTEN KINETICS, INSECTICIDES, 
AND DETOXICATION CAPACITY 
The calculated Km and Vmax of 1.24 x 10-4 M and 137.4 nmoles 
min-1 mg protein- 1 for Q-nitrophenylacetate probably reflect the wide 
substrate specificity or general non-specificity of the esterases 
invdlved. Kapin and Ahmad (1980) point out that enzymes with defined 
physiological roles usually display low Km and high Vmax. For example, 
a specific carboxyesterase in gypsy moth, Lymantria dispar (L.), midgut 
cytosol exhibited a Km of 4.25 x 10-5M and Vmax of 942 nmoles min-1 mg 
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protein -1 indicative of high substrate turnover (Kapin and Ahmad 1980). 
The kinetic constants determined for the alfalfa leafcutting bee are, 
however, comparable to constants for general carboxyesterases in other 
insects such as Myzus persicae (Sudderuddin 1973) and Manduca sexta 
(Sanberg et al. 1975). No such constants have been determined for 
other bee or wasp esterases. 
It is not surprising that the mechanism in the case of all four 
insecticides is mixed in nature. Simply, it means that the rate 
equation contains both competitive and uncompetitive terms of the form: 
l.hl = ..!!!L.(l+ Il.2.l) + ..1-l.L+ [ Io]) ([So]) 
VO Vm K1c Vm ~Vm l(j'u 
where both Kie and K1u may be composed of several rate constants (Hanes 
transformed). It is unclear whether any single isozyme is bound only 
competitively or uncompetitively and the mixed pattern detected here is 
due to a mixture of isozymes or whether a given isozyme is bound both 
ways. It is also interesting that the most toxic compounds display 
mechanisms that are disproportionately competitive in nature. This may 
illustrate a greater affinity to, or tighter binding of, the free 
enzyme in the more inhibitory compounds than in MSR. Apparently MSR 
shows little preference for free enzyme versus enzyme-substrate 
complex. 
The order of toxicity of the four insecticides is also somewhat 
surprising: naled > paraoxon > trichlorfon > MSR (greatest to least 
toxic). In a study of 15 insecticides applied topically to M. 
rotundata, Torchio (1973) found the following order with respect to 
lethality: parathion > naled > MSR > trichlorfon. Since the toxic 
component of parathion is actually its metabolite, paraoxon, paraoxon 
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could replace parathion in the order of toxicity. Such discrepancies 
probably reflect the fact that other modifiers of toxicity have been 
removed in the present study. It is possible that penetration through 
the alternating complex hydrophobic and hydrophilic layers of the 
cuticle is reduced in the cases of trichlorfon and naled. 
Additionally, other detoxication systems such as polysubstrate 
monooxygenases and glutathione ~-transferases have been removed and may 
metabolize inhibitors before they reach target esterases. Ahmad and 
Johansen (1973) have also shown that pH conditions can significantly 
modify trichlorfon toxicity in vivo; trichlorfon is highly unstable at 
pHs higher than neutrality. Thus, alkaline tissues or fluids may help 
to physically destroy the compound. 
The overall detoxication ability of M_. rotundata with respect 
to other bee species is still unresolved. Laboratory studies that 
compare insecticide LD50s based on topical or oral dosages report the 
following order (most to least susceptible): honey bee, alkali bee 
(Nomia melanderi Cockerell), alfalfa leafcutting bee (Torchio 1973, 
Torchio and Youssef 1973). However, field and cage studies report the 
reverse order (Johansen and Eves 1967, Johansen and Mayer 1976). 
Probably a wide variety of behavioral components in foraging and 
nesting habits modify lethality in field cases while behaviors may be 
radically altered in cage conditions (NRCC 1981). 
Considering the three major detoxication enzyme systems, some 
conclusions can now be drawn. With respect to the polysubstrate 
monooxygenases, the alfalfa leafcutting bee exhibits considerably 
higher activity toward a large number of substrates and toxins than the 
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honey bee (Lee and Brindley 1974, Guirguis and Brindley 1975, 1976). 
Where esterases are concerned, the opposite is true. Yu et al. (1984) 
report average worker activities toward 1-naphthylacetate of 302.5 
nmoles min-1 mg protein- 1 while activities in the present study, under 
the same conditions, average only 60 to 90 nmoles min-1 mg protein- 1, 
females and males respectively. This is not surprising since honey 
bees exhibit a larger number of electrophoretic forms. Additionally, 
M. rotundata also exhibits greater GST activity than the honey bee. 
Caution should be used when interpreting comparative toxicity 
data. Molecular and biochemical studies can elucidate differences 
between inhibitors, mechanisms, target sites and the like but what is 
important to the organism is that taxi ns are encountered as a 
biochemically integrated whole. Though such studies doubtless improve 
our understanding of basic and underlying mechanisms, more effort 
should be put toward developing rigorous empirical tests of what 
actually happens when pesticides and pollinators interact under 
conditions that adequately model a real environment. Pollinators are 
complex higher organisms and many biotic and abiotic factors influence 
the ultimate impact of an environmental toxin or contaminant. 
General herbivore-allelochemic theory (Rosenthal and Janzen 
1979) treats insect detoxication systems as having co-evolved with 
plant defense systems in an adversarial fashion. That is, plants 
develop a chemical defense mechanism and insects evolve a mechanism of 
combating it, usually through detoxication or insensitivity. The plant 
then evolves another defense mechanism or embellishes the one it has 
and the herbivore responds in kind, and so on. This explanation 
probably works well for herbivorous insects but, may not strictly apply 
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to insect pollinators. Rhoades and Bergdahl (1981) point out that 
nectar (and presumably pollen) toxicants, operating in conjunction 
with other floral rewards and defenses, may actua 11 y act to ensure 
pollinator constancy and maximize conspecific pollen transfer. That 
is, plants that are rare in space or time should produce large, 
predictably available rewards that are highly defended and thus 
minimize visitation by thieves or generalists not carrying conspecific 
pollen. Consequently, the more specialized a pollinator, the more its 
detoxication system should exhibit high constitutive or inducible 
resistance. While the alfalfa leafcutting bee is not a specialist, it 
is certainly more so than the honey bee which epitomizes generality. 
As predicted, the leafcutting bee is a better detoxifier especially 
with regards to polysubstrate monooxygenases, the major 'frontline' of 
bi ochemi ca 1 defense, and gl utath i one ~-transferases. In order to 
better test the overall theory of Rhoades and Bergdahl (1981), defined 
specialist pollinators need to be examined with their co-evolved 
partners and the actual secondary pl ant metabolites need to be 
identified and accounted for. 
GLUTATHIONE ~-TRANSFERASES 
As previously stated , GSTs have rarely been examined among the 
Apoidea and this is the first attempt to separate electrophoretic 
forms. The number of bands reso 1 ved here is greater than for most 
invertebrates but is certainly not unreasonable (Bal a bas karan et al . 
1986, Cohen and Gerson 1986, Wood et al. 1986, ). Probably, some sort 
of puri fi cation should be attempted in the future. Such efforts are 
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often successful and would likely yield a more accurate picture of the 
number of forms and subunits, as well as differences between the sexes. 
It should al so be noted that i sozyme patterns as detected by IDNB 
conjugation may not necessarily reflect or correlate to CDNB or DCNB 
conjugation . Reactions involving the latter two substrates do not 
produce colored complexes and thus are not useful for visualizing gels. 
Likewise, the iodine-starch complex generated from IDNB cleavage is not 
compatible with spectrophotometric detection. Thus, bands located by 
IDNB degradation may not necessarily conjugate other substrates while 
isozymes that conjugate DCNB and CDNB may not be detected when IDNB is 
used as the substrate. It is probable, however, that there is a high 
degree of overlap (Clark 1982). 
As is found among other organisms, M. rotundata exhibits 
greater activity toward CDNB than DCNB. Its activity compared to the 
honey bee is somewhat surprising, however. Yu et al. (1984) found that 
worker bees of mixed ages exhibited average activities of 466 nmoles 
min-1 mg protein- 1 when CDNB was used as the substrate. Activities for 
day-old female M. rotundata are a little over 2.5 times as high at 1233 
nmoles min-1 mg protein- 1 while male activities at the same age are 7.5 
times higher at 3450 nmoles min-1 mg protein- 1. While it is true that 
males lose considerable activity with age, turnover rates are still 3 
times higher than for 8. mellifera at day 17. M. rotundata activities 
are difficult to compare with other insects because some purification 
step that increases the specific activity is often incorporated prior 
to assay. However, under a similar experimental protocol Yu (1984) 
found levels of cytosolic GST activity in the fall armyworm 
(Spodoptera fruqiperda) that were a little under 2 times less than 
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female M,. rotundata activity and slightly under 5 times less than 
males. Fall armyworm GST activity after induction by several natural 
products was higher than uninduced levels found in the alfalfa 
leafcutting bee. 
Similar to the esterases, female GST activity tends to remain 
much more stable with age than does male activity. This may reflect a 
physiological requirement in that females continue to provision nests 
and lay eggs throughout their lives . GST may play a role in such 
processes and have been speculated to act not only in detoxication but 
in hormone metabolism, in other organisms (Jakoby and Habig 1980). 
Certainly , age related decreases in activity, along with esterase 
decreases , also contribute to late season die-offs of males exposed to 
pesticide applications . 
The results of inhibition by chalcone and its derivatives are a 
stark contrast to the only other study to examine such compounds. 
Miyamoto et al . (1987) used derivatives of chalcone and 4-
phenylchalcone to assay inhibition of cytosolic GSTs as measured by 
cis-stilbene oxide conjugation obtained from mouse and rat liver and 
found strong inhibition by a var i ety of compounds. They noted that 
when compared to the parent compound chalcone, a methoxy substituent in 
the 4' position significantly decreased inhibition while the same group 
in the 4 position markedly increased inhibition. The same group also 
reported that a nit ro group in the 4 position significant 1 y reduced 
inhibition and speculated that the role of the 4 and 4' substituents 
seem to be different and may possibly be correlated to the 
el ectrophil icity of the beta carbon of the conjugated enone. By 
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contrast, all substituents in the 4 or 4' position reduced inhibition 
of GSTs in M_. rotundata with respect to the parent compound. 
Additionally, a methoxy substituent in either position resulted in 
equivalent inhibition when CDNB was the substrate but greater 
inhibition of DCNB conjugation resulted when the substituent was 
attached to the 4' carbon. With respect to the nitro substituent, 
significantly more inhibition of CDNB conjugation occurred with the 
nitro in the 4' position. With respect to DCNB metabolism, greater 
inhibition occurred in the female with the nitro in the 4' position but 
the reverse was true for males. Thus, there do seem to be marked 
differences between the 2 positions. Additionally it should be noted 
that the compounds with the greatest electronegative character (eg: 4-
fluoro) tended to be the most toxic while those with large side groups 
(4-butyl and 4-phenyl) tended to be the least toxic. Such bulky 
substituents may simply be too large to interact easily with the active 
site. 
Miyamoto et al. (1987) also show that although the chalcones 
themselves are toxic, their glutathione conjugates are even more so. 
Although we cannot compare the conjugates to the derivatives, no 
compound tested on M. rotundata was as inhibitory as the parent 
compound. Clearly, other insects need to be tested before the efficacy 
of chalcone or its derivatives can be fully assessed as insecticide 
synergists. The differences between the present study and Miyamoto et 
al. (1987) may not only be due to substantive differences between 
insect and rodent GSTs, but to the different substrates used to measure 
GST activity. 
The remarks of Miyamoto et al. (1987) concerning the mechanism 
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of action of the chalcone derivatives and electrophilicity of the beta 
carbon deserve some comment. If a nitro group (or any other highly 
electron withdrawing group) were present in the 4 position (Fig. 28) 
the contributing resonance structure would increase the partially positive 
character of the beta carbon thus making it more electrophil ic and 
likely to form a glutathione conjugate. Conversely, if an electron 
donating subst i tuent, such as a methoxy group, was present in the 4 
position it would make the beta carbon relatively more electron rich or 
less electophilic and less likely to form a glutathione conjugate at 
that carbon. However, Miyamoto et al. (1987) own data show the 4-
methoxy derivative to be at least two orders of magnitude more 
inhibitory than the 4-nitro compound. If, then, toxicity is dependent 
on the formation of the conjugate, it seems unlikely that it can 
involve the electrophilic nature of the beta carbon. Though Miyamoto et 
al. (1987) admit that the explanation is probably simplistic some other 
mechanism should be sought. 
Inhibition by the two flavonoids and tridiphane was 
considerably less than expected. Flavone did not inhibit at all and 
quercetin only marginally. Das et al. (1984) report that the 
concentration used in our study (lxlo- 5 M) was the flavone 150 for rat 
liver GST as measured by CDNB conjugation in their study of plant 
phenolics. Next to flavone, tridiphane was the poorest inhibitor which 
was surprising because of its ability to act as an herbicide synergist 
by inhibition of GST activity in plants (McCall et al. 1986a, 1986b). 
Inhibition patterns among the 11 compounds tested strengthen 
the conclusion that there are some fundamental differences in the way 
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DCNB and CDNB are metabolized as well as differences between the sexes. 
In one case (4-phenylchalcone), there is little or no inhibition of 
DCNB conjugation while there is substantial inhibition of CDNB 
conjugation. It may be that the enzyme handles the two substrates 
differently or there may be different isozymes that act on each 
substrate preferentially. The differences {Tables 23-24) between the 
sexes are also interesting and, along with electrophoretic evidence, 
may point to qualitative differences in respective GSTs. 
Finally, chalcone occurs widely in the plant kingdom as do the 
two flavonoids studied. Chalcone is one of the major precursors in 
flavonoid biosynthesis giving rise to flavones, aurones, flavonols, and 
anthocyanidins (Goodwin and Mercer 1983). It is thus of some interest 
to ask whether such compounds evolved as insect-herbivore GST 
inhibitors or whether that characteristic is incidental to other 
overriding functions . While it is true that many plant phenolics can 
inhibit GST activity (Das et al. 1984), it is doubtful that GST 
inhibition alone would prevent herbivory or act to deter feeding before 
significant damage was done. It is more likely that such compounds act 
as synergists by enhancing the toxicity of other, more quickly -acting, 
compounds present in the pl ant. Once p 1 ant parts and the mixture of 
compounds that they contain are ingested by the herbivore, it is 
possible that quickly-acting toxins go to work to either deter feeding 
or poison the insect. Chalcones and plant phenolics may act by 
inhibiting insect GSTs from conjugating plant toxins, thus artificially 
maintaining high concentrations in the insect. There may also be an 
energetic advantage to the pl ant to produce chalcone and phenolic 
synergists. It may well be that actual toxins are expensive to produce 
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and serve no function other than protection. Production of other 
compounds then ( such as cha 1 cone) that can enhance the effect of the 
energetically expensive toxin, yet still act as intermediaries in other 
biosynthetic pathways, might result in the plant having to spend less 
energy and resources in making and maintaining larger quantities of the 
toxin than would be necessary in the absence of the synergi st . The 




Meqachile rotundata possesses a collection of esterase 
isoenzymes that are largely type B in character and some of which are 
dependent upon one or more species of divalent cation for activity. 
The two major adult esterases likely represent a single locus, are 
highly polymorphic, and are thus allozymes. The only non-type B 
esterase is monomorph i c and is most active in the immatures where it 
remains to be determined if it confers a degree of resistance to 
organophosphate insecticides that is proportionately greater than in 
the adult. Esterase Dis also monomorphic while the variability in the 
isoelectric forms in zone 7 is not well understood. 
The esterases of M. rotundata exhibit broad pH and temperature 
optima which, in conjunction with wide substrate specificity, probably 
indicate a diversity of physiological roles. There is sexual 
dimorphism with respect to the isoelectric forms in zone 7 and with 
respect to activity levels toward several groups of substrates. Both 
esterase and glutathione ~-transferase activity remain stable over time 
in females but declines rapidly with age in males. Differences between 
the sexes are 1 i ke ly re 1 ated to reproductive functions and the fact 
that females are solely responsible for nest construction and 
provisioning as well as egg laying. The actual chemistry of nest 
construction and formation of the pollen/nectar provision is unknown 
and is likely quite complex. Esterases may play a role in the 
hydrolysis of lactone and straight chain carboxylic esters that 
initiates polyester formation of either cell or cocoon linings. 
However, such putative substrates need first to be i dent i fi ed with 
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accuracy. Some megachil id species are known to produce carboxyl ic 
esters whose acids are utilized as mating and aggregation pheromones in 
other Hymenoptera and esterases may again play a role in activation. 
With the exception of some biosystematic studies, esterases and 
detoxication systems in general are poorly studied among the 
Hymenoptera; the single exception being Apis mell ifera (Bitondi and 
Mestriner 1983, Yu et al. 1984). In vitro, M_. rotundata is better at 
detoxication than the honey bee in that polysubstrate monooxygenase and 
glutathione ~-transferase activities are greater. However, alfalfa 
leafcutting bee esterases are both less active and less complex than 
the honeybee. One is tempted to speculate that this might be expected 
when comparing solitary and social species. If apoid esterases are 
involved in activating compounds that function as alarm, aggregation, 
marking, and mating pheromones, then certainly a social species with a 
caste system and different but well- defined worker roles with respect 
to age would be expected to exhibit much more complex esterase isozyme 
patterns over all forms. Field data, at least with respect to 
insecticides, seem to suggest that M_. rotundata has less detoxication 
capacity than the honey bee but more tightly controlled studies, 
perhaps utilizing large terrestrial microcosms, are necessary. In vivo 
data, gathered from the laboratory, tend to support conclusions 
opposite of field studies. Additionally, immature forms and the effect 
of pesticide residues in nectar and pollen are poorly studied. 
rotundata tends to be at the low end when esterase 
activities are compared to other species of insects. Considering that 
females and males exhibit specific activities toward 1-naphthylacetate 
of 60-90 nmoles min-1 mg protein- 1 the following specific activities 
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have been found for the same substrate in: house fly (CMSA Musca 
domestica) 76, flesh fly (Sarcophaga bullata) 205, black blow fly 
(Phormia reqina) 240, gypsy moth (Lymantria dispar) 1004, fall armyworm 
(Spodoptera frugiperda) 1390 (all units nmoles min-1 mg protein- 1) (Maa 
and Terriere 1983 a&b, Yu 1983, Kapin and Ahmad 1980). Glutathione ~-
transferase activities, however, tend to be much greater than both the 
honey bee and the fall armyworm. 
Considering all of the evidence, the esterases of M. rotundata 
probably have a variety of functions not related to detoxication. 
Broad pH optima, wide substrate specificities, high Km and low Vmax, 
and very low total and specific activities relative to other insects 
where esterases are important in detoxication indicate that alfalfa 
leafcutting bee esterases are fairly general in their physiological 
roles and have a variety of functions not related to xenobiotic 
metabolism alone. 
Finally, it is difficult to say how M_. rotundata and 
po 11 i nators in genera 1 fit into p 1 ant herbi vory theory. The alfalfa 
leafcutting bee is more a specialist than the honey bee and is a better 
detoxifier. It does not detoxify as well overall as herbivorous 
insects, but this is not surprising. Before concrete conclusions can 
be reached about pollen-nectar defense and relationships to generalist 
and specialist pollinators, several criteria need to be met. First, at 
least one pollination system needs to be identified where a true 
specialist bee pollinates a plant that is known to produce toxic or 
chemically well defended nectar and/or pollen. The allelochemicals 
themselves need to be identified and then assayed against well 
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characterized detoxication enzymes in the pollinator. Those same 
compounds should be shown to poison, deter or otherwise exclude thieves 
and bees not carrying con specific po 11 en and then assayed with and 
compared to already characterized detoxication enzymes in 8. mellifera 
and M. rotundata. As of now, direct evidence that plants act to ensure 
pollinator constancy through chemical defense of nectars and pollens is 
either non-existent or inferential at best. 
137 
LITERATURE CITED 
Abdel-Aal, Y.A.I. and B.D. Hammock. 1986. Transition state analogs as 
ligands for affinity purification of juvenile hormone esterase. 
Science 233: 1009-1124. 
Abdel-Aal, Y.A.I., T.N. Hanzlik, B.D. Hammock, L.G. Harshman, and 
G. Prestwich. 1988. Juvenile hormone esterases in two 
heliothines: Kinetic, biochemical and immunogenic 
characterization. Comp. Biochem. Physiol. 90: 117-124. 
Ahmad, S., L.B. Brattsten, C.A. Mullin, and S.J. Yu. 1986. Enzymes 
involved in the metabolism of plant allelochemicals. pp 73-
151 in: Molecular aspects of insect-plant associations. 
L.B. Brattsten and S. Ahmad (eds.). New York: Plenum Press. 
Ahmad, S., and A.J. Forgash. 1976. Nonoxidative enzymes in the 
metabolism of insecticides. Drug Metabol. Rev. 5: 141-164. 
Ahmad, Z. and C. Johansen. 1973. Selective toxicity of carbophenthion 
and trichlorfon to the honey bee and the alfalfa 
leafcutting bee. Environ. Entomol. 2:27-30. 
Albans, K.R., R.T. Alpin, J. Brehcist, J.F. Moore and C. O'Toole. 
1980. Dufour's gland and its role in secretion of nest cell 
lining in bees of the genus Colletes. J. Chem. Ecol. 
6: 549- 564. 
Aldridge, W.N. 1953a. Serum esterases 1. Two types of esterase (A 
and B) hydrolyzing Q-nitrophenyl acetate, propionate and 
butyrate, and a method for their determination. Biochem. J. 
53: 110-117. 
Aldridge, W.N. 1953b. Serum esterases 2. An enzyme hydrolyzing 
diethyl Q-nitrophenyl phosphate (E600) and its identity with 
the A-esterase of mammalian sera. Biochem. J. 53: 117-124. 
Aldunate, J., Y. Repetto, M.E. Letelier, and A. Morello. 1987. 
carboxylesterases of Trypanosoma cruzi epimastigotes. 
Biochem. Physiol. 86B: 67-71. 
The 
Comp. 
Ashour, M.A. and B.D. Hammock. 1987. Substituted trifluoroketones as 
potent, selective inhibitors of mammalian carboxylesterases. 
Biochem. Pharmacol. 36: 1869-1879. 
Ashour, M.A., L.G. Harshman, and B.D. Hammock. 1987. Malathion 
toxicity and carboxylesterase activity in Drosophila 
melanogaster. Pestic. Biochem. Physiol. 29: 97-111. 
Augustinsson, K. 1959. Electrophoresis studies on blood plasma 
138 
esterases. Acta Chem. Scand. 13: 571-592. 
Augustinsson, K. 1961. Multiple forms of esterase in vertebrate blood 
plasma. N.Y. Acad. Sci. 94: 844-860. 
Baars, A.J. and O.M.J. Driessen. 1984. Aryl hydrocarbon hydroxylase 
and glutathione ~-transferase activity in the varroa mite and 
the honey bee. J. Apic. Res. 23: 37-39. 
Baker, H.G. and I. Baker. 1978. Ants and flowers. Biotropica 10:80. 
Balabaskaran, S. , S. Chew, and M. Segaran. 1986. Studies on 
glutathione ~-transferase in molluscs. Comp. Biochem. 
Physiol. 85B: 183-192. 
Barker, D.L. and W.P. Jencks. 1969. Pig liver esterase. 1. Physical 
properties. Biochemistry 8: 3879-3889. 
Bergmann, F., R. Segal, and S. Rimon. 1957. A new type of esterase in 
hog-kidney extract. Biochem. J. 67: 481-486. 
Bigley, W.S. and F.W. Plapp. 1960. Cholinesterase and ali-esterase 
activity in organophosphorus-susceptible and -resistant 
house flies. Ann. Entomol. Soc. Amer. 53: 360-364. 
Bitondi, M.M.G. and M.A. Mestriner. 1983. Esterase isozymes of Apis 
mell ifera: Substrate and inhibition characteristics, 
developmental ontogeny, and electrophoretic variability. 
Biochem. Genet. 21: 985-1002. 
Boeker, E.A. 1982. Initial rates: A new plot. Biochem. J. 203: 117-
123. 
Booth, J., E. Boyland, and P. Sims. 1961. An enzyme from rat liver 
catalyzing conjugations with glutathione. Biochem. J. 79: 
516-524. 
Boyland, E. and K. Williams. 1965. An enzyme catalyzing the 
conjugation of epoxides with glutathione. Biochem. J. 94: 
190-197. 
Bradford, M. 1976. A rapid and sensitive method for the quantitation 
of microgram quantities of protein utilizing the principle of 
protein-dye binding. Anal. Biochem. 72: 248-254. 
Brattsten, L.B. 1987. lnducibility of metabolic insecticide defenses 
in boll weevils and tobacco budworm caterpillars. Pestic. 
Biochem. Physiol. 27:13-23. 
Brattsten, L.B., C.K. Evans, S. Bonetti, and L.H. Zal kow. 1984. 
Induction by carrot allelochemicals of insecticide-
metabolizing enzymes in the southern armyworm (Spodoptera 
eridania). Comp. Biochem. Physiol. 77C: 29-37. 
139 
Brealey, C.J., C.H. Walker, and B.C. Baldwin. 1980. A-esterase 
activities in relation to the differential toxicity of 
pirimiphos-methyl to birds and mammals. Pestic. Sci. 11: 
546-554. 
Bruckner, D. 1974. Reduction of biochemical polymorphisms in honey 
bees (Apis mellifera). Experientia 30: 618-619. 
Bryan, J.K. 1977. Molecular weights of protein multimers from 
polyacrylamide gel electrophoresis. Anal. Biochem. 78: 513-
519. 
Bull, J.J. 1983. Evolution of sex determining mechanisms. Menlo Park 
CA: Benjamin/Cummings Publ. Co. 316 pp. 
Chang, C.K., A.G. Clark, A. Fields, and S. Pound. 1981. Some 
properties of glutathione i-transferases from larvae of 
Galleria mellonella . Insect Biochem. 11: 179- 186. 
Chasseaud, L. F. 1973. Distribution of enzymes that catalyze reactions 
of glutathione with alpha, beta-unsaturated compounds. 
Biochem. J. 131: 765-769 . 
Clark , A.G. 1982. A direct method for the visualization of 
gl utathi one .S.-transferase activity in polyacryl amide gels. 
Anal. Biochem. 123: 147-150. 
Clark, A.G., P. L. Cropp, J.N. Smith, T.W. Speir, and B.J. Tau. 1976. 
Photometric determination of methyl parathion GSH i -
methyltransferase. Pestic. Biochem. Physiol. 6: 129- 131. 
Clark, A.G. and W.C. Dauterman. 1982. The characterization by 
affinity chromatography of glutathione ~-transferases for 
different strains of house fly. Pestic. Biochem. Physiol. 
17: 307-314. 
Clark, A.G., G.L. Dick, S.M. Martindale, and J . N. Smith. 1985. 
Glutathione .S.-transferases from the New Zealand grass grub, 
Costelytra zealandica. Insect Biochem. 15: 35-44. 
Clark, A.G. and 8. Drake. 1984. Purification and properties of 
glutathione ~-transferases from larvae of Wiseana cervinata. 
Biochem. J. 217: 41-50. 
Clark, A. G. and N.A. Shaaman. 1984. Evidence that DDT-
dehydrochlorinase from the house fly is a glutathione .S.-
transferase. Pestic. Biochem. Physiol. 22: 249-261. 
Clark, A.G., N.A. Shaaman, W.C. Dauterman, and T. Hayaoka. 1984. 
Characterization of multiple glutathione transferases from 
the house fly, Musca domestica. Pestic. Biochem. Physiol. 
22: 51-59. 
140 
Clark, A.G., N.A. Shaaman, M.D. Sinclair, and W.C. Dauterman. 1986. 
Insecticide metabolism by multiple glutathione ~-transferases 
in two strains of the house fly, Musca domestica (L.). 
Pestic. Biochem. Physiol. 25: 169-175. 
Coates, P.M., M.A. Mestriner, and D.A. Hopkinson. 1975. A preliminary 
genetic interpretation of the esterase isozymes of human 
tissues. Ann. Hum. Genet. London 39:1-20. 
Cohen, E. and U. Gerson. 1986. Isolation and purification of 
Contel, 
glutathione ~-transferase from the bulb mite Rhizoqlyphus 
robini. Insect Biochem. 16: 449-454. 
E.P.B. and M.A. Mestriner. 
two loci in the social bee. 
1974. Esterase polymorphisms at 
J. Hered. 65: 349-352. 
Cornish-Bowden, A.J. 1979. Fundamentals of enzyme kinetics. London: 
Butterworths. 230 pp. 
Croft, B.A. and C.A. Mullin. 1984. Comparison of detoxification 
enzyme systems in Arqvrotaenia citrana (Lepidoptera: 
Tortricidae) and the ectoparasite, Oncophanes americanus 
(Hymenoptera: Braconidae). Environ. Entomol. 13: 1330-1335. 
Davis, B.J. 1964. Disc electrophoresis II. Methods and application 
to human serum proteins. Ann. N.Y. Acad. Sci. 121: 404-427. 
Das, M., D.R. Bickers, and H. Mukhtar. 1984. Plant phenols as in 
vitro inhibitors of glutathione ~-transferase(s). Biochem. 
Biophys. Res. Comm. 120: 427-433. 
de Malkenson, N.C., E.J. Wood, and E. N. Zerba. 1984. Isolation and 
characterization of an esterase of Triatoma infestans with a 
critical role in the degradation of organophosphorus esters. 
Insect Biochem. 14: 481-486. 
Devonshire, A.L. 1977. The properties of a carboxylesterase from the 
peach-potato aphid, Mvzus persicae (Sulz.), and its role in 
conferring insecticide resistance. Biochem. J. 167: 675-683. 
Devonshire, A.L. and R.M. Sawicki. 1979. Insecticide-resistant Myzus 
pers i cae as an example of evolution by gene duplication. 
Nature 280: 140-141. 
Devonshire, A.L., L.M. Searle, and G.D. Moores. 1986. Quantitative 
and qualitative variation in the mRNA for carboxylesterases 
in insecticide-susceptible and resistant Mvzus persicae 
(Sulz). Insect Biochem. 16: 659-665. 
Doull , J., C. D. Klaassen, M. O. Amdur. 1980. Casarett and Doull 's 
Toxicology. New York: MacMillan, 778 pp. 
141 
Dudman, N.P.B. and B. Zerner. 1975. Carboxylesterases from pig and ox 
liver. pp. 190-208 in: Methods in enzymology. J.M. 
Lowenstein (ed.). New York: Academic Press. 
Esbenshade, P.R. and A.C. Triantaphyllou. 1986. Partial 
characterization of esterases in Meloidogyne (Nematoda). 
Comp. Biochem. Physiol. 83B: 31-38. 
Ferguson, K.A. 1964. Starch-gel electrophoresis-Application to the 
classification of pituitary proteins and polypeptides. 
Metabol. 13: 985-1002. 
Fix, L.A. and F.W. Plapp. 1987. Effect of parasitism on 
detoxi fi cation enzymes in the tobacco budworm. J. Kansas 
Entomol. Soc. 60: 421-425. 
Fjellstedt, T.A., R.H. Allen, B.K. Duncan, and W.B. Jakoby. 1973. 
Enzymatic conjugation of epoxides with glutathione. J. Biol. 
Chem. 248: 3702-3707. 
Francke, W., W. Schroder, G. Bergstrom and J. Tengo. 1984. Esters in 
the volatile secretions of bees. Nov. Act. Reg. Soc. Scien. 
Upsal. SC: 127-136. 
Frohlich, D.R. 1983. On the nesting biology of Osmia (Chenosmia) 
bruneri (Cockerell). J. Kansas Entomol. Soc. 56: 123-130. 
Frohlich, D.R. and F.D. Parker. 1983. Nest building behavior and 
development of the sunflower lea fcutter bee: Eumegachil e 
(Sayapis) pugnata (Say). Psyche 90: 193-209. 
Frohlich, D.R. and F.D. Parker. 1985. Observations on the nest-
building and reproductive behavior of a resin-gathering bee: 
Dianthidium ulkei. Ann. Entomol. Soc. Am. 78: 804-810. 
Gerber, H.S. and E.C. Klostermeyer. 1972. Factors affecting the sex 
ratio and nesting behavior of the alfalfa leafcutting bee. 
Washington State U. Agric. Exp. Stn. Bull. 73: 1-11. 
Gillham, B. 1971. The reaction of aralkyl sulfate esters with 
glutathione catalyzed by rat liver preparations. Biochem. 
J. 121: 667-672. 
Gilliam, M. and K.K. Jackson. 1972. Enzymes in the honey bee (Apis 
mellifera L.) hemolymph. Comp. Biochem. Physiol. 42B: 423-
427. 
Giulian, G. 1986. Isoelectric focusing of mouse ascites fluid and 
myosin in the SE 600 vertical slab unit. Hoefer Scientific 
Instruments Co., San Fransisco CA. 176 pp. 
Gomori, G. 1953. Human esterases. J. Lab. Clin. Med. 42: 445-453. 
142 
Goodwin, T.W. and E.I. Mercer. 1983. Introduction to plant 
biochemistry. Oxford: Pergamon Press. 677 pp. 
Gould, F. 1984. Mixed function oxidases and herbivore polyphagy: The 
devil's advocate position. Ecol. Entomol. 9: 29-34. 
Guirguis, G.N. and W.A. Brindley. 1974. Insecticide susceptibility 
and response to selected larval pollens of larval alfalfa 
leafcutting bees, Meqachile pacifica (Panzer) (Hymenoptera: 
Megachilidae). Environ. Entomol. 3: 691-694. 
Guirguis, G.N. and W.A. Brindley. 1975. Carbaryl penetration into and 
metabolism by alfalfa leafcutting bees, Meqachile pacifica. 
J. Agric. Food Chem. 23: 274-279. 
Guirguis, G.N. and W.A. Brindley. 1976. Effect of chlorcyclizine, 
aminopyrine, or phenobarbital on carbaryl metabolism in 
alfalfa leafcutting bees. Environ. Entomol. 5: 590-594. 
Habig, W.H., M.J. Pabst, and W.B. Jakoby. 1974. Glutathione ~-
transferases. The first step in mercapturi c acid formation. 
J. Biol. Chem. 249: 7130-7139. 
Hames, B.D. and D. Rickwood. 1981. Gel electrophoresis of proteins. 
A practical approach. Washington D.C: IRL Press ,290 pp. 
Hayaoka, T. and W.C. Dauterman. 1982. Induction of glutathione ~-
transferases by phenobarbital and pesticides in various 
housefly strains and its effect on toxicity. Pestic. 
Biochem. Physiol. 17: 113-119. 
Hefetz, A., H.M. Fales, S.W.T. Batra. 
Dufour's gland macrocyclic 
laminesters in Colletes bees. 
1979. Natural polyesters: 
lactones form brood cell 
Science 204: 415-417. 
Heymann, E. 1980. Carboxylesterases and amidases. Chap. 16 in: W.B. 
Jakoby ed. Enzymatic basis of detoxication Vol. II. New 
York: Academic Press, 369 pp. 
Heymann, E. and W. Junge. 1979. Characterization of the isoenzymes of 
pig liver carboxylesterase. I. Chemical studies. Eur. J. 
Biochem. 95: 509-518. 
Holmes, R.S. and C.J. Masters. 1967. The developmental multiplicity 
and isoenzyme status of cavian esterases. Biochim. Biophys. 
Act. 132: 379-399. 
Hopkinson, D.A., M.A. Mestriner, J. Cortner, and H. Harris. 1973. 
Esterase D: A new human polymorphism. Ann. Hum. Genet., 
Land. 37: 119-137. 
Ikeda, Y., K. Okamura, and S. Fujii. 1977. Purification and 
characterization of rat liver microsomal monoacylglycerol 
lipase in comparison to the other esterases. 
Biophys. Acta. 488: 128-139. 
143 
Biochim. 
International Union of Biochemistry. 1979. Enzyme nomenclature. New 
York: Academic Press. 
Jakoby , W.B. and W.H. Habig. 1980. Glutathione transferases. Chap. 
4 in: W.B. Jakoby (ed.). Enzymatic basis of detoxication 
Vol. II. New York: Academic Press, 369 pp. 
Johansen, C.A. 1976. Bee poisoning research, 1975. Proc. 7th Annu. 
Alfalfa Seed Growers Short Course, Boise, Idaho. University 
of Idaho Ext. Serv. 39-40. 
Johansen, C.A. 1977. Pesticides and pollinators. Annu. Rev Entomol. 
60:19-27. 
Johansen, C.A. and J. Eves. 1967. Systemic insecticides as lygus bug 
controls compatible with bee pollination on alfalfa. J. 
Econ. Entomol. 60: 19-27. 
Johansen, C.A., E.R. Jaycox, and R. Hutt. 1963. The effect of 
pesticides on the alfalfa leafcutting bee. Washington State 
University, Agric. Exp. Sta. Circ. 418. 12 pp. 
Johansen, C. and D. Mayer. 1976. Alkali bees: Their biology and 
management for alfalfa seed production in the pacific 
northwest. Pac. N.W. Ext. Publ. 155. 19 pp. 
Johnson, M. K. 1966. Studies on gl utath i one ~-al kyltransferase of the 
rat. Biochem. J. 98:44-56. 
Junge, W. and K. Kri sch. 1975. The carboxyl esterases/amidases of 
mammalian liver and their possible significance. Crit. Rev. 
Toxicol. 3: 371-434. 
Kaneko, A., Y. Yoshida, K. Enomoto, T. Kaku, K. Hirata, and T. Onoe. 
1979. Induction of a microsomal butylesterase in rat liver by 
phenobarbital treatment. Biochim. Biophys. Acta 582: 185-
195. 
Kapin, M.A. and S. Ahmad. 1980. Esterases in larval tissues of gypsy 
moth, Lymantria dispar (L.): Optimum assay conditions, 
quantification and characterization. Insect Biochem. 10: 
331-337. 
Karnovsky, M.J. and L. Roots. 1964. 
method for cholinesterases. 
219-221. 
A "direct coloring" thiocholine 
J. Histochem. Cytochem. 12: 
Klostermeyer, L.E. and C. F. Soo Hoo. 1968. Chromosome number 
in the leaf-cutter bee, Meqachile rotundata. Ann. Entomol. 
Soc. Am. 61: 782-783. 
144 
Krieg, P. and M. Marek. 1983. Protein and esterase changes in the 
haemolymph of the queens of honey bee, Apis mellifera L. 
Comp. Biochem. Physiol. 75B: 513-517. 
Krisch, K. 1966. Reaction of a microsomal esterase from hog-1 iver 
with diethyl Q-nitrophenyl phosphate. Biochim. Biophys. 
Acta. 122: 265-280. 
Krisch, K. 1971. Carboxylic ester hydrolases. pp. 43-69 in: The 
enzymes. P.O. Boyer (ed.). New York: Academic Press. 
Kulkarni, A.P., O.L. Fabacher, and E. Hodgson. 1980. Pesticides as 
inducers of hepatic drug-metabolizing enzymes; glutathione ~-
transferases. Gen. Pharmacol. 11: 437-441. 
Kulkarni, A.P., N. Motoyama, W.C. Dauterman, and E. Hodgson. 1978. 
Inhibition of house fly glutathione ~-transferase by 
catecholamines and quinones. Bull. Environ. Contam. Toxicol. 
20: 227-232. 
Laemmli, U. 1970. Cleavage of structural proteins during the assembly 
of the head of bacteriophage T4. Nature 227: 680-685. 
Lee, R.M. and W.A. Brindley. 1974. Synergist rations, EPN 
detoxication, lipid, and drug induced changes in carbaryl 
toxicity in Megachile pacifica . Environ. Entomol. 3: 899-
907. 
Lester, J.L . and R. K. Selander. 1979. Population genetics of 
Maa, 
haplodiploid insects. Genetics 92: 1329-1345. 
W.C.J. and L.C. Terriere. 1983a. 
enzymatic and electrophoretic 
domestica) carboxylesterases. 
461-467. 
Age dependent variation in 
properties of housefly (M. 
Comp. Biochem. Physiol. 74C: 
Maa, W. C. J. and L. C. Terri ere. 1983b. Age dependent variation in 
enzymatic and electrophoretic properties of flesh fly 
(Sarcophaga bullata) and blowfly (Phormia reqina) 
carboxylesterases. Comp. Biochem. Physiol. 74C: 451-460. 
Mackness, M.I., C.H. Walker, O.G. Rowlands, and N.R. Price. 1983. 
Esterase activity in homogenates of three strains of the rust 
red flour beetle, Tribolium castaneum (Herbst). Comp. 
Biochem. Physiol. 74C: 65-68. 
Mannervik, B., P. Alin, C. Guthenberg, H. Jensson, M.K. Tahir, M. 
Warholm, and H. Jornvall. 1985. Identification of three 
classes of cytosolic glutathione transferases common to 
several mammal species: Correlation between structural data 
and enzymatic properties. Biochemistry 82: 7202-7206. 
145 
Matsumura, F. 1985. Toxicology of insecticides. New York: Plenum 
Press, 598 pp. 
Matsumura, F. and A.W.A. Brown, 1963. Studies on carboxylesterase in 
malathion-resistant Culex tarsalis. J. Econ. Entomol. 56: 
381-383. 
McCall, P.J., L.E. Stafford and P.O. Gavit. 1986a. Compartmental 
model describing the foliar behavior of tridiphane on giant 
foxtail. J. Agric. Food Chem. 34: 229-234. 
McCall, P.J., L.E. Stafford, P.S. Zorner, and P.O. Gavit. 1986b. 
Modeling the foliar behavior of atrazine with and without 
crop oil concentrate on giant foxtail and the effect of 
tridiphane on the model rate constants. J. Agric. Food 
Chem. 34: 235-238. 
Mestriner, M.A. 1969. Biochemical polymorphisms in bees. Nature 223: 
188-189. 
Mestriner, M.A. and E.P.B. Contel . 1972. The P-3 and Est loci in the 
honey bee Apis mellifera. Genetics 72: 733-738. 
Miyamoto, T., M. Silva, and 8.0. Hammock. 1987. Inhibition of epoxide 
hydrolases and glutathione ~-transferases by 2-, 3-, and 4-
substituted derivatives of 4' -phenylchalcone and its oxide. 
Arch. Biochem. Biophys. 254: 203-213. 
Motoyama, N. and W.C. Dauterman. 
house fly gl utathi one 
361-369. 
1977. Purification and properties of 
~-transferase. Insect Biochem. 7: 
Motoyama, N, A.P. Kulkarni, E. Hodgson, and W.C. Dauterman. 1978. 
Endogenous inhibitors of glutathione ~-transferases. Pestic. 
Biochem. Physiol. 9: 255-262. 
National Research Council Canada. 1981. Pesticide-pollinator 
interactions. NRCC 18471. 190 pp. 
Neville, D.M. 1971. Molecular weight determination of protein-dodecyl 
sulfate complexes by gel electrophoresis in a discontinuous 
buffer system. J. Biol. Chem. 246: 6328-6334. 
Nunamaker, R.A. and W.T. Wilson. 1981. Malate dehydrogenase and non-
speci fie esterase i soenzymes of eggs of the honey bee (Api s 
mellifera L.}. Comp. Biochem. Physiol. 708: 607-609. 
Nunamaker, R.A. and W.T. Wilson. 1982. Isozyme changes in the honey 
bee, Apis mellifera L., during larval morphogenesis. Insect 
Biochem. 12: 99-104. 
Ottea, J.J. and F.W. Plapp. 1981. Induction of glutathione ~-aryl 
transferase by phenobarbital in the house fly. Pestic. 
146 
Biochem. Physiol. 15: 10-13. 
0ttea, J.J. and F.W. Plapp. 1984. Glutathione ~-transferase in the 
house fly: Bi ochemi cal and genetic changes associated with 
induction and insecticide resistance. Pestic. Biochem. 
Physiol. 22: 203-208. 
Page, R.E. and R.A. Metcalf. 1982. Multiple mating, sperm 
utilization, and social evolution. Amer. Nat. 119: 263-281. 
Pamila, P., S. Varvio-Aho, and A. Pekkarinen. 1978. Low enzyme gene 
variability in Hymenoptera as a consequence of haplodiploidy. 
Hered. 88: 93-99. 
Pankiw, P. and J.A.C. Lieverse 1980. The relationship between latitude 
and the emergence of alfalfa leafcutter bees, Meqachile 
rotundata (Hymenoptera: Megachilidae). Can. Entomol. 112: 
555-558. 
Parker, F.D. and V.J. Tepedino. 1982. The behavior of female 0smia 
marginata Michener in the nest. Pan-Pac. Entomol. 58: 231-
235. 
Pen, J., J. Van Beeumen and J.J. Beintema. 1986. Structural 
comparison of two esterases from Drosophila mojavensis 
isolated by immunoaffinity chromatography. Biochem. J. 278: 
691-699. 
Pen, J., H.A.H. Rongen, and J.J. Beintema. 1984. Purification and 
properties of esterase-4 from Drosophila mojavensis. 
Biochim. Biophys. Act. 789: 203-209. 
Raftell, M. and K. Berzins. 1977. Sex differences in the pattern of 
esterase-active antigens in microsomes from various rat 
strains. Biochim. Biophys. Acta. 499: 24-27. 
Reisfeld, R.A., V.J. Lewis, 
electrophoresis of 
polyacrylamide gels. 
and D.E. Williams. 
basic proteins and 
Nature 195: 281-283. 
1962. Disc 
peptides on 
Rhoades, D.F. and J.C. Bergdahl. 1981. The adaptive significance of 
toxic nectars. Amer. Nat. 117: 798-803. 
Robbins, W.E., T.L. Hopkins, and A.R. Roth. 1958. Application of the 
colorimetric whole-blood method to the measurement of bovine 
redblood-cell cholinesterase activity. J. Econ. Entomol. 51: 
326-329. 
Rosenthal, G.A. and D.H. Janzen. 1979. Herbivores: Their interaction 
with secondary pl ant metabolites. London: Academic Press. 
718 pp. 
Sanberg, L.L., F.J. Kezdy, K.J. Kramer, and J.H. Law. 1975. Juvenile 
147 
hormone-specific esterases in the hemolymph of the tobacco 
hornworm, Manduca sexta. J. Insect Physiol . 21: 873-887. 
Scheline, R.R. 1978. Mammalian metabolism of plant xenobiotics. New 
York: Academic Press. 
Silver, E.H. and S.D. Murphy. 1978. Effect of carboxylesterase 
i nhi bi tors on the acute hepatotoxi city of esters of a llyl 
alcohol. Toxicol. Appl. Pharmacol. 45: 377-389. 
Snedecor, G.W. and W.G. Cochran . 1972. Statistical methods. Ames 
Iowa: Iowa State University Press. 593pp. 
Snyder, T.P. 1975. Lack of allozymic variability in three bee 
species. Evolution 28: 687-689 . 
Snyder, T.P. 1977. A new electrophoretic approach to biochemical 
systematics of bees. Biochem. Syst. Ecol. 5: 133-150. 
Sonawane, B.R. and C.O. Knowles. 1972. Comparative metabolism of two 
carbanilate herbicides (EP-475 and phenmedipham) in rats. 
Pestic . Biochem. Physiol. 1: 472-482. 
Stephen, W.P. and P. F. Torchio. 1961. Biological notes on the 
leafcutter bee, Megachile (Eutricharea) rotundata 
(Fabricius). Pan-Pac . Entomol. 37: 85-93. 
Stock, M.W. and J.L. Robertson. 1982. Esterase polymorphism and 
response to insecticides during larval development of the 
western spruce budworm. J. Econ. Entomol. 75: 183- 187. 
Strange, R.C., C.G. Faulder, B.A. Davis, R. Hume, J.A.H. Brown, W. 
Cotton and D.A. Hopkinson. 1984. The human glutathione .S.-
transferases: Studies on tissue distribution and genetic 
variation of the GSTl, GST2 and GST3 isozymes. Ann. Hum. 
Genet. 48: 11-20. 
Sudderuddin, K.I. 1973. An in vitro study of esterases hydrolyzing 
non-specific substrates, of an OP-resistant strain of peach 
aphid, Myzus persicae (SULZ. ). Comp. Biochem. Physiol . 44B: 
1067-1076. 
Tepedino, V.J. and F.D. Parker . 1988. Alternation of sex ratio in a 
partially bivoltine bee, Megachile rotundata (Hymenoptera: 
Megachilidae). Ann. Entomol. Soc. Am. 81: 467-476. 
Torchio, P.F. 1973. Relative toxicity of insecticides to the honey 
bee, alkali bee, and alfalfa leafcutting bee. J. Kansas 
Entomol. Soc. 46: 466-457. 
Torchio, P.F. 1983. The effects of field applications of naled 
and trichlorfon on the alfalfa leafcutting bee, Megachile 
rotundata (Fabricius) . J. Kansas Entomol Soc. 56: 62-68. 
149 
Yu, S.J. 1984. Interactions of allelochemicals with detoxication 
enzymes of insecticide-susceptible and resistant fall 
armyworms. Pestic. Biochem. Physiol. 22: 60-68. 
Yu, S.J. and E.L. Hsu. 1985. Induction of hydrolases by 
allelochemicals and host plants in fall armyworm 
(Lepidoptera: Noctuidae) larvae. Environ. Entomol. 14: 
512-515. 
Yu, S.J., F.A. Robinson, and J.L. Nation. 1984. Detoxication capacity 
in the honey bee, Apis mellifera L. Pestic. Biochem. 
Physiol. 22: 360-368. 
Zacharius, R.M., T.E. Zell, J.H. Morrison, and J.J. Woodlock. 1969. 
Glycoprotein staining following electrophoresis on acrylamide 
gels. Anal. Bioch. 30: 148-152. 
VITA 
DONALD R. FROHLICH 
Personal 
Address: 920½ East 100 North 
Logan, Utah 84321 
Born: 7-July-1955; Lewistown, 
Montana 
Educational Background 
Phone: (801) 753-4177 (home) 
(801) 750-2551 (work) 
Marital Status: Single 
Ph.D. Utah State University, Biology, 1989 
M.S. Utah State University, Biology, 1983 
B.S. College of Idaho, Caldwell, Biology, Human Ecology, 
Departmental Honors, cum laude, 1978 
Professional Society Memberships 
Entomological Society of America 
Mountain West Association of Toxicologists 
Central States Entomological Society 
Idaho Entomology Group 
Employment 
- Post-Doctoral Research Fellow, Department of Biochemistry, 
University of Arizona, Tucson. 1989 to present. 
150 
- Graduate Research Assistant and Teaching Assistant, Department 
of Biology, Utah State University, Logan. 1984 to 1988. 
- Research Associate, Department of Plant, Soil, and Entomological 
Sciences, University of Idaho, SW Idaho Research and Extension 
Center, Parma. 1983 to 1984. 
- Graduate Research Assistant and Teaching Assistant, Department 
of Biology and USDA Bee Biology and Systematics Laboratory, Utah 
State University, Logan. 1980 to 1982. 
- State Field Supervisor of Integrated Pest Management Program on 
Alfalfa Seed and Private Consultan(, University of Idaho 
Cooperativa Extension Service, Caldwell. 1979 to 1980. 
151 
Research Activities 
DOCTORAL: Doctoral work concerned separation and characterization 
of multiple esterases and glutathione-S-transferases in a solitary 
bee. Methods include various types of polyacrylamide gel 
electrophoresis (DISC, IEF, 2-0, Gradient), spectrophotometry, 
molecular weight determination, kinetic analysis of inhibition. 
RESEARCH ASSOCIATE: Alfalfa seed pollination and alfalfa pest 
management, detection and management studies of insecticide 
resistance. 
MASTERS: Sociobiology and ecology of various solitary bees, 
reproductive ecology, pollination of commercial sunflower. 
Grant Experience 
1987 - Graduate travel grant from Utah State University to 
national ESA meeting, $250. 
1986 - Graduate travel grant from Utah State University to 
national ESA meeting, $250. 
1985 - Graduate travel grant from Utah State University to 
national ESA meeting, $250. 
1983 - Insecticide Efficacy. Union Carbide, Fremont, CA, 
Chemical Corporation, Fresno, CA, $2,000. 
Mobay 
1979 National Science Foundation. For participation in Short 
Course on Pheromone Biology, $500. 
1978 - Sigma Xi Grant-In-Aid of Research, New Haven, CT. Resource 
partitioning in the scorpion fauna of the Central Desert of 
Baja California Norte, Mexico, $100. 
1977 - Sigma Xi Grant-In-Aid of Research, New Haven, CT. Resource 
partitioning in the scorpion fauna of the Central Desert of 
Baja California Norte, Mexico, $100. 
Teaching Experience 
Teaching Assistant: General Biology, Plant Biology, General 
Zoology, Human Physiology, Insect Physiology and Internal Anatomy, 
Insect Physiology and Ecology. 
Papers In Press or In Preparation 
Clark, W.H. and D.R. Frohlich. The natural history of the army 
ant, Neivamyrmex nigrescens (Cresson), in Baja California, 
Mexico. (in prep., Southwestern Naturalist) 
Refereed Publications 
Frohlich, D.R., W.H. Clark, F.D. Parker, T.L. Griswold. 1988. 
The xylophilous bees and wasps of a high, cold desert: 
Leslie Gulch, Oregon (Hymenoptera: Apoidea, Vespoidea). 
Pan-Pac. Entomol. 64: 266-269. 
Frohlich, D.R. and V.J. Tepedino. 1986. Sex ratio, parental 
investment, and interparent variability in nesting success 
in a solitary bee. Evol. 40: 142-151. 
Frohlich, D.R. and F.D. Parker. 1985. Observations on the nest 
building and reproductive behavior of a resin gathering 
bee: Dianthidium ulkei (Cresson). Ann. Entomol. Soc. Am. 
78: 804-810. 
Parker, F.D. and D.R. Frohlich. 1985. Studies on management of 
the sunflower leafcutter bee. J. Apic. Res. 24: 125-131. 
Tepedino, V.J. and D.R. Frohlich. 1984. Fratricide in a 
parsivoltine bee, Osmia texana. Anim. Behav. 32: 1265-
1266. 
Tepedino, V.J. and D.R. Frohlich. 1984. Fratricide in Megachile 
rotundata a non-social megachilid bee: Impartial treatment 
of sibs and non-sibs. Behav. Ecol. Sociobiol. 15: 19-23. 
Frohlich, D.R. and F.D. Parker. 1983. Nest building behavior and 
development of the sunflower leafcutter bee: Eumegachile 
(Sayapis) pugnata (Say) (Hymenoptera: Megachilidae). 
Psyche 90: 193-209. 
Parker, F.D. and D.R. Frohlich. 1983. Hybrid sunflower 
pollination by a manageable sunflower specialist: The 
sunflower leafcutter bee. Environ. Entomol. 
Frohlich, D.R. 1983. On the nesting biology of Osmia (Chenosmia) 
bruneri Cockerell (Hymenoptera: Megachilidae). J. Kansas 
Entomol. Soc. 56: 123-130. 
Tepedino, V.J. and D.R. Frohlich. 1982. Mortality factors, 
pollen utilization, and sex ratio in Megachile pugnata a 
candidate for commercial sunflower pollination. J. N.Y. 
Entmol. Soc. 90: 269-274. 
153 
Clark, W. H., D.R. Frohlich, P.L. Comanor. 1982. Shrike 
predation on the scorpion Anuroctonus phaiodacty1us (Wood), 
and on a solpugid (Scorpionida: Vejovidae; Solpugida). 
Pan-Pac. Entomol. 58: 64. 
Frohlich, D.R. and W.H. Clark. 1976. Ecological associations of 
scorpions and Yucca spp. in Baja California Norte, Mexico. 
J. Idaho Acad. Sci. 12: 87-93. 
Non-Refereed Publications 
Frohlich, D.R., C.D. McNeal, C.R. Baird, R.M. Bitner. 1980. A 
consultant's guide to integrated pest management in alfalfa 
seed. University of Idaho Misc. Puhl. No. 59: 1-11. 
Presentations 
Frohlich, D.R., W.A. Brindley, T.E. Burris. 1987. Multiple 
esterases in a solitary bee: Megachi1e rotundata. 
Entomological Society of America, National Meetings, 
Boston, MA, December. 
Frohlich, D.R. 1986. Effect of nest tunnel density on nesting 
parameters in a solitary bee: Megachi1e rotundata. 
Entomological Society of America, National Meetings, Reno, 
NV, December. 
Frohlich, D.R. 1985. Sex ratio, parental investment, and 
interparent variability in nesting success in a solitary 
bee. Entomological Society of America, National Meetings, 
Hollywood, FL, December. 
Brindley, W.A., N. Hama, S. Hawkins, D.R. Frohlich. 1984. 
Biological assay in monitoring and analyzing insecticide 
resistance. Entomological Society of America, Pacific 
Branch, Salt Lake City, UT, June. 
Professional Services 
Reviewer: Can. Entomol. (2), J. Kan Entomol. (1). 
National Review Panel. National Impact Study of Extension's 
Integrated Pest Management Programs: Northwest Alfalfa 
Seed 1PM Impact Study. USDA. Extension SErvice. 42 pp. 
June 1986. 
Relevant Coursework 
Ph.D. (Quarter Units) (GPA= 3.79, A= 4.0) 
Protein Biochemistry (5) 
Advanced Organic Chem. (3) 
Sp. Topics Biochemistry 
Electrophoresis (2) 
Stereobiochemistry (2) 
Natural Products Chem. (Au) 
Insect Ecology (3) 
Evolutionary Ecology (3) 





Cellular and Membrane 
Physiology 





Scholarships, Awards, Honors 
(10) Insect Physiology and 
(5) Internal Anatomy 
(5) Insect Physiology and 
(3) Ecology 
Beneficial Foundation Scholarship 
College of Idaho Achievement Award 
Veronica M. Ruyts Scholarship 













1976 Award for essay from Northwest Pollution Control 
Association, Seattle: "Frohlich, D.R. 1976. 
Parts per billion - parts per trillion - are the 
current chemical techniques providing our senses 
with too much data?" 
1988 Center for Insect Science Fellowship. Department 
of Biochemistry, University of Arizona. 
